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FOREWORD 


Because of the length of this report and the extensiveness of the 
subject matter included, the authors decided to organize it in such a 
manner that it could be read in part or in total without loss of per- 
spective, The first two chapters and the portion of Chapter III 
dealing with computational procedures and statistical distributions 
are common to all which follows. After reading this portion of the 
report, the reader may continue to the end of Chapter III or read 
Chapters IV or V independently. Chapters VI and VII would be 
meaningful only after having read Chapters I through V. 
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RELATIONSHIPS BETWEEN STRATOSPHERIC CLEAR AIR 
TURBULENCE AND SYNOPTIC METEROLOGICAL PARAMETERS 
OVER THE WESTERN UNITED STATES BETWEEN 12-20 KM ALTITUDE 


by 

James R. Scoggins^ 
Terry L. Clark^ 
Norman C. Possiel'^ 


SUMMARY 

This report presents results of a research project which had as 
its ultimate objective the development of a forecasting procedure for 
clear-air turbulence for supersonic aircraft flying over the western 
United States at altitudes of 12-20 km. Rawinsonde data from National 
Weather Service stations at 0000 and 1200 GMT, and aircraft turbulence 
data measured by VGH recorders on 46 flights of the XB-70 and 22 
flights of the YF-12A aircraft were used in the analysis. Regions 
of turbulence and non- turbulence with horizontal lengths of about 200 
km were defined along each flight track. This procedure resulted in 
94 turbulent and 78 non- turbulent regions for the XB-70 flights, and 
22 and 18, respectively, for the YF-12A flights. 

Sixty-nine parameters classified as measured, derived, and time 
rate-of-change were obtained from the rawinsonde data for each turbulent 
and non-turbulent region defined along each flight track. These para- 
meters were obtained from data at 100, 200, and 300 mb regardless of 
the flight altitude of the aircraft. 

Three approaches were taken to relate the meteorological parameters 
to regions of turbulence and non- turbulence, viz , empirical probabilities, 
discriminant function analysis, and mountain-wave theory. In each of 
these approaches it was possible to relate three-fourths or more of the 
turbulent and non-turbulent regions to meteorological parameters and/ 
or conditions. 

Results from the three analysis techniques were combined to develop 
a forecasting procedure, based on the assumption that the parameters can 
be forecast, which appears to be valid for about 70-80 percent of the 
cases considered. This verification rate is no larger than those for 
the individual analysis techniques; however, it is believed that the 
confidence level of the combined method exceeds that of the individual 
methods. The forecasting techniques, which use all three analytical 
approaches, were computerized and may be used with relative ease to 
forecast CAT between 12-20 km over the mountainous region of the 
western United States. 

^Director, Center for Applied Geosciences, and Professor of Meteorology 
2 

Research Graduate Assistant now employed by Environmental Protection Agency 
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CHAPTER I. INTRODUCTION 


Most measurements of turbulence made by aircraft have been at 
altitudes below 12 km and at subsonic speeds. Turbulence data were 
obtained between 1965 and 1967 from the supersonic XB-70 airplane during 
about 50 flights while cruising at altitudes generally between 12 and 
20 km over the western United States. The XB-70 was a large airplane 
with a flexible structure which was sensitive to turbulence. Much of 
the data has been discussed by Kordes and Love (1967), and presented 
by Ehernberger (1968). In addition, data from about 15 flights of the 
YF-12A airplane also were available for use in this study. 

I 

Relatively little is known about the relationships between synoptic 
meteorological parameters and clear air turbulence (CAT) in the strato- 
sphere, particularly as high as 15-20 km. Some relationships based on 
meteorological parameters measured by, or derived from, rawinsonde data 
are examined in this report. The analysis was carried out at the 100-, 
200-, and 300-mb levels for all XB-70 flights. These levels encompassed 
the flight altitudes on most of the days, and on the other days the 
flight altitudes usually did not exceed the 100-mb level by more than 
2 or 3 km. 

It was assumed that synoptic meteorological conditions represented 
by the 100- , 200- , and 300-mb levels would indicate large-scale processes 
in which stratospheric perturbations were suitable for the formation of 
CAT occurrence. When CAT forms, it may be advected away from its source 
region (Moore and Krishnamurti, 1966) into a region where the large- 
scale conditions are not necessarily favorable for its production or 
continued existence. In addition, conditions may be more or less favor- 
able for CAT between stations and may change significantly between obser- 
vation times. Thus, one should not expect a perfect relationship between 
CAT and local values of atmospheric parameters. Rather, it seems more 
likely that a greater degree of success could be expected when average 
synoptic meteorological conditions over an area are associated with CAT 
observed within the area. In addition, it is known that the intensity 
of CAT may vary considerably over horizontal distances of a few km 
and vertical distances of less than 1 km. 

The present research differs from much of the previous research in 
that areas of CAT of any intensity, as well as those without CAT, are 
associated with the distribution of average values of measured, derived, 
time rate-of-change of synoptic meteorological quantities, and combinations 
of these parameters. The approach taken in this research is to define 
turbulent and non- turbulent areas along each flight track, compute the 
average values of selected meteorological parameters for each area, then 
distinguish between CAT and non-CAT conditions by use of empirical 
probabilities, discriminant function analysis, and mountain-wave theory. 
Intuitively, it seems that it should be easier to distinguish between 
areas with CAT and those without CAT than between different degrees of 
intensity within an area. Also, if a critical range of values of a 
parameter exists, it should be possible to isolate it from the statistical 
distributions of the parameters. 
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The objective of this research was to develop a procedure for fore- 
casting CAT in the stratosphere between 12 and 20 km for large, supersonic 
airplanes. The approach was to examine relationships between synoptic 
meteorological parameters and areas of CAT and non-CAT, then use these 
results to develop the forecasting procedure. Hiis report contains the 
results and the forecasting procedure as well as major computer programs 
used in the research. The results suggest that CAT areas can be related 
to synoptic parameters in 70-80 percent of the cases considered. 
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CHAPTER II. BACKGROUND TO PRESENT RESEARCH 


The large-scale processes associated with CAT may be related directly 
or indirectly to many parameters obtained from rawinsonde data. Some of 
these parameters are: vertical and horizontal wind shear, static stability, 

vertical motion, deformation, various stability indices, Richardson's 
number, vertical gradient of kinetic energy , and vorticity (Scorer, 

1969; Badgley, 1969; Lumley and Panofsky, 1964; Colson and Panofsky, 1965; 

Moore and Krishnamurti, 1966; Endlich, 1964; Ball, 1970; Powell, 1968; 

Colquhoun and Bourke, 1967; Kronebach, 1964; and others). CAT is frequently 
encountered in small-scale sloping baroclinic layers of limited vertical 
and sometimes horizontal extent where conditions are favorable for small 
gradient Richardson numbers (Delay and Dutton, 1971; and Dutton, 1969), 
but forecasts of CAT usually are made from synoptic-scale data. The number 
of studies relating CAT to synoptic meteorological parameters is large. 

The results of only a few publications are considered here. Further infor- 
mation may be found in a summary report by Veazey (1970), and a compilation 
of papers edited by Pao and Goldburg (1969). 

Ball (1970) found light- to-moderate CAT to be associated with 
irregularities in the temperature profile which included strong inversions 
as well as large lapse rates of temperature. A good relationship was found 
between the intensity of turbulence and various representations of static 
stability. Also, CAT was found to be associated with large horizontal 
gradients of temperature. There was a tendency for the intensity of CAT to 
increase with vertical vector wind shear, although the relationship was not 
as good as that found for static stability. Other researchers (see, for 
example, Ehernberger, 1968, and Mitchell and Prophet, 1969) also have ob- 
served CAT to be associated with irregularities in the temperature profile. 

The fact that CAT may be associated with temperature inversions is due to 
an increase in vertical vector wind shear (mechanical production) resulting 
from a sloping baroclinic layer (Dutton and Panofsky, 1970). Positive 
buoyancy is responsible for CAT when the lapse rate of temperature becomes 
large . 

An analysis of project HICAT data (Waco, 1970) in the stratosphere 
between 13.7 - 21.4 km revealed that CAT was associated with low Richardson 
numbers resulting from large decreases in temperature with height or strong 
vertical vector wind shears. When the Richardson number was < 15, the 
ratio of turbulent to non- turbulent cases was about 4 to 1. Another analy- 
sis of HICAT data (Powell, 1968) measured over Australia between 200 and 
50 mb showed a better relationship between CAT and the stability index 
defined by VAn/Az, where V is wind speed, cn is wind direction, and z is height, 
than between C.AT and the Richardson number. 

A summary of results obtained from 4 five-day periods (Colquhoun, 

1967) indicated that the stability index defined above, vorticity, vorti- 
city advection, and an index of CAT derived by Colson and Panofsky (1965) 
were poor indicators of CAT. Better' relationships were found between 
vertical vector wind shear and Richardson's number and CAT than between 
CAT and the parameters mentioned above. Kronebach (1964) found the 
Richardson number to be a better parameter for outlining areas of expected 
CAT than vertical or horizontal wind shear, or vertical or horizontal 
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gradients of kinetic energy. Richardson numbers less than 1 outlined 
about 407o of the reported occurrences of moderate or severe CAT. The 
wide range in results between CAT and Richardson number has been 
summarized by Veazey (1970), 
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CHAPTER III. STATISTICS OF METEOROLOGICAL VARIABLES VERSUS CLEAR AIR 

TURBULENCE (CAT) IN THE STRATOSPHERE 


A. COMPUTATION OF SYNOPTIC METEOROLOGICAL PARAMETERS 

Most of the altitudes for the XB-70 flights considered in 
this investigation were between the 200- and lOO-mb levels. Synoptic 
charts were analyzed, in the usual manner, for the 300- , 200- , and 
100-mb constant-pressure surfaces, and data were obtained from the 
analyzed charts by interpolation for each grid point shown in Fig. 1. 
The spacing between the grid points in this figure is approximately 
158 km. 



Fig. 1. Grid used in analyzing data from 
constant-pressure charts. 

The following parameters were computed from 1200 GMT data for each 
grid point shown in Fig. 1 at each constant-pressure surface or as noted: 
Richardson number (200-100 mb), vector horizontal wind shear, lapse rate 
of temperature (200-100 mb), advection of relative vorticity, advection 
of temperature, temperature, CAT index (200-100 mb), zonal wind component, 
meridional wind component, scalar wind speed, relative vorticity, 
absolute vorticity, coriolis effect (Pv), contour heights for 300 and 200 mb, 
vertical vector wind shear (200-100 mb), advection of absolute vorticity, 
horizontal gradient of temperature, and the time rate -of- change of each of 
these parameters over the 12-h period encompassing each flight. 
Finite-difference approximations were used to evaluate each of these 
parameters. All derivatives in the horizontal plane were evaluated over 
a distance of 2Ax where Ax is the spacing between grid points, while 
those in the vertical direction (Richardson number, lapse rate of 
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temperature, CAT Index, and vertical vector wind shear) were evaluated 
from data at the 100- and 200-mb levels (vertical distance 5 km). 

The 300-mb data were not used in the evaluation of vertical derivatives 
because the tropopause was generally between 300 and 200 mb so that the 
gradients between these levels were not representative of stratospheric 
conditions. In the horizontal plane, the computed values were associated 
with the midpoint of the interval or array of points used in the computa- 
tion. A scalar analysis was performed for each parameter, and the flight 
track of the aircraft superimposed to make it possible to associate average 
values of synoptic meteorological parameters with turbulent and non- turbulent 
areas. The computational procedure for all parameters is given in the 
computer program in Appendix A. 

Synoptic charts were prepared for the 70- and 50-mb surfaces but due 
to errors in the height data, which apparently resulted from errors in 
measured pressure at these altitudes, the charts could not be analyzed 
satisfactorily. The contour patterns did not agree with the measured 
wind which, in most cases, formed a consistent flow pattern. A similar 
problem was encountered at the 100-mb level in a large percentage of the 
cases which was the reason for omitting contour heights at this level. 

B. SPECIFICATION OF TORBULENT AND NON-TURBULENT AREAS FOR EACH FLIGHT 

Segments along each XB-70 flight track of 100-200 km in length in 
turbulent and non- turbulent air were selected with the centers of the 
segments separated by about the same or greater distances. Only those 
areas were selected which definitely fell into one category or the other. 
Single turbulence encounters of small lateral extent were not classified 
as turbulent, and neither were they included in the non-turbulent 
categories. An example of turbulent and non-turbulent areas for one flight 
is shown in Fig. 2. Using this method, there were 94 turbulent and 78 
non-turbulent areas defined and used in this study. 

The number of CAT and non-CAT areas selected was not based on the 
probability of individual occurrences of CAT nor on the percentage of 
time the airplane was in CAT. Even within a CAT area, turbulence was 
patchy and usually encountered several times. The degree of intensity 
of turbulence was not considered in the specification of areas. 

C. FREQUENCY DISTRIBUTIONS OF SYNOPTIC METEOROLOGICAL PARAMETERS 
ASSOCIATED WITH TURBULENT AND NON-TURBULENT AREAS 

For each turbulent and non-turbulent area the average values of the 
synoptic meteorological parameters listed previously were determined from 
the data obtained for the 300-, 200-, and 100-mb levels regardless of the 
flight altitude of the XB-70. Empirical frequency distributions of these 
variables were prepared for the turbulent and non-turbulent areas in terms 
of absolute frequencies, which represent the number of times turbulent or 
non-turbulent areas occurred for a given class interval of the variable, 
and the corresponding percentage frequencies, which represent the 
percentage of all turbulent or non-turbulent observations falling within 
the class interval. The frequency distributions for each parameter and a 
discussion of each are presented in Appendix B. 
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Fig. 2. An example of the classification of 
turbulent or non- turbu lent areas for 
a flight made on November 2, 1965 
(flight track taken from Ehernberger, 
1968. Numbers on flight track indi- 
cate turbulence encounters.) 


The frequency distributions associated with turbulent and non- 
turbulent areas were analysed for each variable to determine intervals 
of each variable by inspection over which the two frequency distributions 
differed. These distributions form the basis for establishing the 
association between turbulent and non- turbulent areas and meteorological 
parameters. 

D. RANGE (S) OF SYNOPTIC METEOROLOGICAL PARAMETERS OBTAINED FROM EMPIRICAL 
FREQUENCY DISTRIBUTIONS ASSOCIATED WITH CAT AND NON- CAT AREAS 

A summary of the results of the analysis of the empirical frequency 
distributions is shown in Tables 1 through 4. There are three columns 
in each table. The first is the parameter, the second states whether or 
not the turbulent or non- turbulent areas were related to the parameter, 
and the third gives the range(s) of the parameter and the ratio of the 
percentage of turbulent to non- turbulent areas associated with the range 
of values. T or NT is used to indicate more occurrences of areas of 
turbulence or non- turbulence, respectively. For example, in Table 1 
the height of the 300-mb surface is related to the occurrence of turbulence 
and when the height s 9.4 km there are more non- turbulent than turbulent 
cases in this range of heights. As another example, zonal wind speed is 
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Table 1. Limits of variables at 300 mb within which empirical frequency 
distributions differ for turbulent (T) and non- turbulent (NT) 
areas and the percentage of occurrence of turbulent and non- 
turbulent areas within the specified limits. 



Parameter 

Egipirical frequency 
distributions for T 
and NT differ (yes 
or no) 

Limits of parameters and the ratio X/NT 
(percent) within limits where the 
frequency distributions for T and NT 
differ 


(a) Measured 


Height 

yes 

H ^ 9,4 km 

NT(27/43) 

Temperature 

no 



Zonal wind speed 

yes 

0 ^ u < 20 m s"^ 
u s 20 m s"^ 

HT(44/73) 

T(43/22) 

Meridional wind speed 

no 



Scalar wind speed 

yes 

V < 20 m 

V ^ 30 m s"^ 

NT(32/58) 

T(39/13) 


(b) Derived 



Relative vorticity 

yes 

C < -5 X 10"^ s"’^ 

-5 X 10"5 s £ S 5 X 10 s”^ 

T(19/9) 

NT(61/78) 

Absolute vorticity 

yes 

t) S 3 X 10‘^ s‘^ 

NT(12/5) 

Advectlon of temperature 

yes 

-V-VT < -10 X lO"^ °C s"^ 

T(15/4) 

Advectlon of relative 
vorticity 

yes 

-V.VT C < -3 X lO"^ s"^ 

T(18/6) 

Horizontal wind shear 

yes 

1 aWSnl a 45 X lO'® s"^ 

T(18/9) 


^c) Time rate-of-change 



Height 

no 



Temperature 

yes 

BT/at < 0 °C s"^ , , 

20< BT/Bt s 40 X lO" “C s" 

T(29/14) 

NT(16/39) 

Zonal wind speed 

no 



Meridional wind speed 

no 



Scalar wind speed 

yes 

BV/Bt < -16 X 10 ^ m s ^ 

T(26/12) 

Relative vorticity 

no 



Vorticity advection due 
to the Coriolis force 

no 



Advection of temperature 

yes 

|B(-'V-^T)/Btl> 20 X 10'^° 
°C s‘2 

-10 s B(-l)-^T)/3t s 10 X 
10*^® 'C s~2 

T(39/22) 

NT(40/57) 


Advectlon of relative 
vortlclty 


Horizontal wind shear 
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Table 2. Limits of variables at 200 mb within which empirical frequency 
distributions differ for turbulent (T) and non- turbulent (NT) 
areas and the percentage of occurrences of turbulent and non- 
turbulent areas within the specified limits. 



Parameter 

Empirical frequency 
distributions for T 
and NT differ (yes 
or no) 

Limits of parameters and the ratio T/NT 
(percent) within limits where the 
frequency dlsttlbutlons for T and NT 
differ 


(a) Measured 


Height 

yes 

H 2 12.0 km 

NT(31/47) 

Temperature 

no 



Zonal wind speed 

yes 

0 s u < 20 m s"*^ 
u k 20 m s~ 

KT(37/61) 

T(54/33) 

Meridional wind speed 

yes 

V < -10 m s“^ 

T(34/21) 

Scalar wind speed 

yes 

V < 30 m s"^ 

V i 30 m s“^ 

NT(58/87) 

T(42/14) 


(b) Derived 



Relative vorticlty 

no 



Absolute vorticlty 

no 



Advection of temperature 

no 



Advectlon of relative 
vorticlty 

no 



Horizontal wind shear 

no 




(c) Time rate’‘o£'*chan8e 



Height 

yes 

dH/9t < -5 X 10 ^ m s*f 

T(18/7) 

Temperature 

no 



Zonal wind speed 

no 



Meridional wind speed 

no 



Scalar wind speed 

yes 

6v/6t < -16 X 10.^ m s"^ 
SV/&t > 15 X 10 m s"^ 

T(17/10) 

NT(16/23) 

Relative vorticlty 

no 



Vorticlty due to the 
corlolls force 

yea 

pv < -16 X lO'^^ s’^ 

-16 S Bv < 0 X s*^ 

T{43/29) 

NT(19/35) 

Advectlon of temperature 

yes 

P(-|.^T)/Bt > 30 X 10*^°'C 

T(16/8) 

Advectlon of relative 
vorticlty 

no 



Horizontal wind shear 

no 
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Table 3 


Limits of variables at 100 mb within which empirical frequency 
distributions differ for turbulent (T) and non-turbulent (NT) 
areas and the percentage of occurrence of turbulent and non- 
turbulent areas within the specified limits. 


Parameter 

Empirical frequency 
distributions for T 
and NT differ (yes 
or no) 

Limits of parameters and the 
(percent) within limits where 
frequency distributions for T 
differ 

ratio T/NT 
the 

and NT 


(a) Measured 




Temperature 

yes 

T < -65 °C 
-65 s T < -55 °C 


NT(17/33) 

T(75/58) 

Zonal wind speed 

yes 

0 s u s 12 m s'^ 
u > 12 m s"'- 


NT(39/54) 

T(56/40) 

Meridional wind speed 

yes 

V < -10 m s“^ 


T(23/15) 

Scalar wind speed 

yes 

V s 9 m s"^ 

V ^ 21 m s"^ 


NT(16/30) 

T(16/8) 


(b) Derived 




Relative vorticity 

yes 

C < 0 s-1 
C > 10 X lO"® s-1 


NT(35/52) 

T(42/24) 

Absolute vorticity 

yes 

11 > 12 X lO"^ s'l 


T(22/9) 

Advection of temperature 

yes 

-\).^T < -4 X lO"^ °C s-1 


T(24/13) 

Advection of relative 
vorticity 

yes 

< -4 X 10‘n° s-2 
> 4 X 10 s“^ 


T(22/13) 

NT(17/5) 

Horizontal wind shear 

yes 

S\7/3 n > 15 X lO"^ s"^ 


T(29/16) 


(c) Time rate-of -change 




Temperature 

yes 

3T/3t > 40 X 10'^ °C s‘l 


T(26/14) 

Zonal wind speed 

yes 

3u/3t < -16 X 10 ^ m s”^ 
0 ^ 5u/St < 11 X 10"^ m ! 

5-2 

T(21/10) 

NT(28/47) 

Meridional wind speed 

yes 

dv/St > 20 X 10 ^ m s“^ 


T(19/10) 

Scalar wind speed 

no 

# 



Relative vorticity 

yes 

3£/3t s 30 X lO"’'^ s-2 
-10 s 3£/3t s 30 X lO' 
3£/3t > 30 X 10"^^ s-2 

s-2 

T(33/20) 

NT(32/53) 

T(22/14) 

Vorticity due to the 
Coriolis force 

no 




Advection of temperature 

yes 

|3(-V.^T)/3t|> 10 X 10'^° 

“C 

T(40/27) 

Advection of relative 
vorticity 

no 




Horizontal wind shear 

yes 

31^/3 1 < -20 X lO"^’- s-2 
-11 < 3^n/3t < 0 X 10-11 

s-2 

T(32/13) 

NT(6/26) 
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Table 4. Limits of variables obtained from 100- and 200-mb data within 

which empirical frequency distributions differ for turbulent (T) 
and non- turbulent (NT) areas and the percentage of occurrence of 
turbulent and non-turbulent areas within the specified limits. 



Parameter 

Empirical frequency 
distributions for T 
and NT differ 
(ves or no) 

Limits of parameters and the ratio T/NT 
(percent) within limits where the 
frequency distributions for T and NT 
differ 


(a) Derived 


Vertical wind 

shear 

yes 

at/as < 30 X lo”^ s'J 

NT(38/56) 




0/iz «s 50 X lO”*^ s*^ 

1(29/13) 

Lapse race of 


no 



temperature 





CAT Index 


no 



Richardson number 

yes 

Ri s 30 

T(49/33) 




R1 > 40 

NT(44/62) 


iki 

Time rate-of-chanse 



Vertical wind 

shear 

yes 

8Vg/at > 10 X 10'® s’2 

T(16/4) 

Lapse cate of 

temperature 

yes 

lay/atl 2 20 X 10'® 'C m*^ 

g-2 

T(22/10) 




-20,£ dW&t ^ 0 X 10’5 °C 

Nl(29/49) 




m“^ s“^ 


CAT Index 


yes 

|a(CAT Index) /8tl> 40 x 10'® 

T(38/20) 




0 S 8 (CAT Index) /8t s 40 

NT(31/52) 


X 10“^ s"'- 

Richardson number no 


related to the occurrence of turbulence, and the frequency distributions 
show that in the range of speeds between 0 and 20 m s“l, there are more 
non-turbulen^ than turbulent areas, and when the speed exceeds 20 m 
s"l there are more turbulent than non-turbulent areas. For all other 
speed ranges there was no significant difference in the percentage of 
occurrences of turbulent and non-turbulent areas. 

Of the measured and derived parameters, there are only two which 
show a relationship with turbulence at all three levels. Ihese are the 
zonal and scalar wind speeds. All other measured and derived parameters, 
except temperature and height (only two levels considered), are related 
to turbulence at two of the three levels. 

There is only one parameter whose time rate-bf-change is related to 
turbulence at all three levels, viz . , the advection of temperature. The 
advection of relative vorticity is the only parameter whose time rate-of- 
change is not related to the occurrence of turbulence at any level. 
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Temperature and scalar wind speed are the only parameters related to 
turbulence at two of the three levels. 

The parameters involving the 100- and 200-mb levels are shown in 
Table 4, Of the derived quantities, vertical wind shear and the 
Richardson number are’ related to turbulence, and of the time rate-of- 
change of the parameters only the Richardson number does not show any 
relationship with turbulence. 

E. EMPIRICAL AND JOINT PROBABILITIES OF CAT FOR SELECTED RANGES AND 
LIMITS OF SYNOPTIC METEOROLOGICAL VARIABLES BASED ON FREQUENCY 
DISTRIBUTIONS 

The frequency distributions for each parameter associated with 
turbulent and non- turbulent areas were examined and ranges or limits of 
the variables isolated within which the distributions differed. Outside 
the ranges or limits chosen, turbulent and smooth conditions associated 
with the variable occurred an equal percent, or there was no systematic 
difference between the two frequency distributions. In the ranges .where 
the frequency distributions differed, the variable was associated with 
either turbulent or non- turbulent conditions depending upon which 
condition was observed more frequently. In some cases, the frequency 
distributions of variables or their time rate-of- change did not differ 
for turbulent and non- turbulent conditions, e.g., the lapse rate of 
temperature, temperature, and the CAT Index. These variables were not 
considered further in the analysis. 

Many theories have been derived and many approaches taken to explain 
the occurrence of CAT, Different theories use different variables and 
different combinations of variables. In general, no one theory is ade- 
quate to explain the formation and existence of CAT in all cases. For 
this reason, many investigators have considered numerous parameters singly 
and in combination. The association between turbulence and the parameters 
specified above is considered for ranges or limits of each variable where 
the distributions differ as well as for combinations of the variables. 

Empirical probabilities were computed when CAT occurred for any 
combination of three variables for specified ranges or limits of the 
variables. Many combinations were considered, and those for which a 
percentage of 75% or greater in the case of turbulence, and 25% or less 
in the case of no turbulence, are presented in Table 5. This table 
includes the case number, the parameters considered for each case, ranges 
and limits of the parameters, percent verification of each parameter 
(the number of CAT occurrences divided by the number of cases when the 
stated conditions were observed), and the percent verification of each 
combination of parameters. The column for the percent verification of 
each parameter gives the percent of turbulent cases when the variables 
were observed within the stated ranges or limits, while the number of 
turbulent cases divided by the number of total cases is shown in paren- 
theses. Similar information is given in the column for percent verifica- 
tion for combinations of parameters for the stated combinations. 

Each case will now be briefly discussed. 
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Table 5. Empirical probabilities expressed in percent of CAT associated 
with selected variables and combinations of variables over 
ranges where frequency distributions differed for CAT and No- 
CAT encountered by the XB-70 airplane in the stratosphere. 


Case 

Parameters 

Range of 
Parameters 

Percent 
Verification 
of each 
Parameter 

Percent 
Verification 
for Combinations 
of Parameters 



300 mb 



'1. 

a. Height 

H&9.4 km 

42(25/59) 

a,b and c- 23(7/30) 


b. Zonal wind speed 

0 su<20 m s“^ 

42(41/98) 



c. Relative vorticity 

-5xl0"^ sCs5xl0“^s-l 

49(58/119) 


2. 

a. Height 

H 2 9.4 km 

42(25/59) 

a and c - 21(4/19) 


b. Scalar wind speed 

V<20 m s"l 

40 (30/75 ) 



c. Local temperature 
change 

20x10"^ 40x10"* 

"C s-1 

33 (15/45) 


3. 

a. Zonal wind speed 

u 2 20 m s“l 

71(41/58) 

a and b - 80(24/30) 


b. Scalar wind speed 

V2 30 m s"l 

79(37/47) 

bore -76(50/66) 


c. Relative vorticity 

C<-5xl0"^ s"l 

72aS/25) 


4. 

a. Scalar wind speed 

V^30 m s‘l 

79(37/47) 

a or b - 76(50/66) 


b. Relative vorticity 

C<-5xl0"^s"^ 

72aS/25) 

a or c - 78(38/49) 


c. Advection of 
temperature 

-V.VT<-10"^ “C s"l 

82(14/17) 

a, bore - 75(51/68) 

5. 

a. Scalar wind speed 

V230 m s-1 

79(37/47) 

a or b - 76(50/66) 


b. Relative vorticity 

c. Advection of 
relative vorticity 

C<-5xl0"^ s"’- 
-V»VC<-3xlO“® s"2 

72(18/25) 

77(17/22) 

a or c - 76(41/54) 

6. 

a. Scalar wind speed 

Va30 m s-1 

79 (37/47) 

a or b - 76(50/66) 


b. Relative vorticity 

£ < -5x10 ^ s”l 

72(18/25) 

a or c - 80(43/54) 


c. Horizontal 
wind shear 

1 bV/Sn 1 s 45x10"* s*l 

62 (23/37) 

a, bore - 75(51/68) 

7. 

a. Advection of 
temperature 

b, Advection of 
relative vorticity 

-V*^<-10"^ »C s"l 
-V.V£<-3xlO s ^ 

82 (14/17) 
77(17/22) 

a or b - 77(23/30) 
a or c - 76(28/37) 


c. Horizontal 
wind shear 

IbV/bnj 2 45x10"* s"l 

62 (?3/37) 

b or c - 75(30/40) 

8* 

a. Scalar wind speed 

VS30 m s'^ 

79(37/47) 

a and c - 85(17/20) 


b. Local temperature 
change 

bT/dt<0 ”C s"l 

68(28/41) 



c. Local scalar 
wind change 

bV/bt< -16x10"* s’2 

73(24/33) 



*The number outside parentheses is the percent of CAT cases occurring in 
the stated range of the variable, and those inside parentheses are the 
number of CAT cases divided by the total number of cases. 
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Table 5, (continued) 





Percent 

Percent 

Case 

Parameters 

Range of Verification 

Verification 

Parameters 

of each 

for Combinations 




Parameter 

of Parameters 


• 

300 mb (continued) 


9. 

a. Local temperature 

9T/at<0 °C s-1 

68(28/41) 

a and c - 78(14/18) 


change 





b. Local scalar 

av/at< - 16 x 10 "^ s"2 

73(24/33) 



wind change 

|a(-v.vT)/atl >20x10’^° 




c. Local temperature 

69(37/54) 



advection change 

'C s"2 





200 mb 



10. 

a. Zonal wind speed 

u ^ 20 m a”^ 

66(51/77) 

b and c - 79(15/19) 


b. Meridional wind 

v<”10 m s”^ 

66 (33/50) 



speed 





c. Scalar wind speed 

V ^ 30 m s"^ 

78(39/50) 


11. 

a. Zonal wind speed 

u ^ 20 m s“^ 

66(51/77) 



b. Scalar wind speed 

V2:30 m 

78(39/50) 



c. Local height change 

3H/at<-5xlO"^ m s"^ 

74(17/23) 


12. 

a. Scalar wind speed 

V &30 m s"*- 

78(39/50) 



b. Local height change 

3H/at < -5x10'^ m s"^ 

74(17/23) 



c. Local scalar 

av/at < -i6xio"^ s”2 

50a3/26) 



wind change 




13. 

a. Local height change 

aH/at<-5xl0“^ m s"^ 

74(17/23) 



b. Local scalar 

av/at<-i6xio"^ s"2 

50(13/26) 



wind change 

ev< -16x10"^^ a" 2 




c« Coriolis effect 

63(40/63) 




100 mb 



14, 

a. Absolute vorticity 

Tl> 12x10"^ s-1 

75(21/28) 



b. Horizontal wind 

av/an> 15x10"^ s-1 

70(28/40) 



shear 

a^n/3t< -20x10'^^ s-2 




c. Locai horizontal 
wind shear change 

74(29/39) 


15, 

a. Zonal wind speed 

u> 12 m s“l 

63(52/83) 

b and c - 77(17/22) 


b. Local relative 

|ac/ae| >30x10"^^ s-2 

68(42/62) 



vorticity change 




c. Local horizontal 

av„/at<-2oxio"^^ s*2 

74(29/39) 



wind shear change 




*The number outside parentheses is the percent of CAT cases occurring in 
the stated range of the variable, and those inside parentheses are the 
number of CAT cases divided by the total number of cases. 


15 




Table 5. (continued) 


Case 

Parameters 

Range of 
Parameters 

Percent 
Verification 
of each 
Parameter 

Percent 
Verification 
for Combinations 
of Parameters 



100-200 mb 



16. 

a. Vertical wind shear 

av/Sz < 30xl0"^ s'^ 

45(36/80) 

b and c - 23(7/30) 


b. Richardson number 

Ri>40 

43(36/84) 



c. bocal lapse I'ate 
change 

- 20x10“^ SO 

°C m s-1 

54(41/76) 


17. ■ 

a. Richardson number 

Ri>40 

43(36/84) 

a and b - 23(7/30) 


b. bocal lapse rate 
change 

-20x10"^ 

54(41/76) 

a,b and c - 21(6/28) 


c. bocal CAT Index 
change 

o^ai/at £40x10"^ s"i 

43(31/72) 


00 

a. Vertical wind shear 

aV/Sza 50x10'^ s"l 

73(27/37) 

a and b - 75(27/36) 


b. Richardson number 

Ris30 

65(46/71) 

a or c - 75(40/53) 


c. bocal vertical 
wind shear change 

aVjj/at>io"^ s"^ 

83(15/18) 


19. 

a. Richardson number 

Ri£30 

65(46/71) 

b or c - 75(33/44) 


b. bocal vertical 
wind shear change 

avH/at>io"’ s"^ 

83(15/18) 



c. bocal lapse rate 
change 

lay/atl 2 20xl0"® 
'C 

74(14/19) 


20. 

a. bocal vertical 
Vv'ind shear change 

b. bocal lapse rate 
change 

c. bocal CAT Index 
change 

avjj/at>io‘^ s‘2 

lay/atl 2 20x10"^, 

"C s-1 

lai/ati >40x10"^ s'l- 

83(15/18) 

74(14/19) 

81(21/26) 

a or b - 75(33/44) 
a or c - 81(29/36) 
b and c - 78(14/18) 
b or c - 76(28/37) 
a, bore - 76(34/45) 



Mixed bavers 



21.. 

a. Scalar wind speed 
300 mb 

V230 m s"^ 

79(37/47) 

a and b - 83(29/35) 


b. Scalar wind speed 
200 mb 

V2 30 m s"^ 

78(39/50) 

a or c - 77(46/60) 


c. Scalar wind speed 
100 mb 

V> 21 m s'^ 

71(15/21) 



*The number outside parentheses is the percent of CAT cases occurring in 
the stated range of the variable, and those inside parentheses are the 
number of CAT cases divided by the total number of cases. 
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Table 5. (continued) 


Case 

Parameters 

Range of 
Parameters 

Percent 
Verification 
of each 
Parameter 

Percent 
Verification 
for Combinations 
of Parameters 



Mixed Lavers icontinuedl 


22. 

a. Scalar wind speed 
300 mb 

VS30 m s"l 

79(37/47) 

a and b - 83(29/35) 


b. Scalar wind speed 
200 mb 

VS30 m s-1 

78(39/50) 

a and c - 84(21/25) 


c. Vertical wind shear 
200-100 mb 

av/bz s 50xl0"'^s"l 

73(27/37) 

a,b and c - 83(19/23) 

23. 

a. Scalar wind speed 
200 mb 

V^30 m s“l 

78(39/50) 



b. Advection of 

temperature 100 mb 

-V-VT<-4xlO"^ “C s"l 

70(23/33) 



c. Vertical wind shear 
200-100 mb 

a^/az s 50x10"^ s-1 

73(27/37) 


24. 

a. Local scalar wind 
speed change 300 mb 

av/at < -16x10"^ m s"’- 

74(23/31) 

a and b - 83(15/18) 


b. Scalar wind speed 
200 mb 

VS30 m s'l 

78(39/50) 



c. Horizontal wind 
shear 100 mb 

av/an > 15x10*® s*^ 

70(28/40) 



*The number outside parentheses is the percent of CAT cases occurring in 
the stated range of the variable, and those inside parentheses are the 
number of CAT cases divided by the total number of cases. 

Case 1: This case concerns the association between the variables 

and the absence of turbulence. Each of the variables considered separately 
does not differentiate well between CAT and no CAT; however, when all three 
variables occur within the stated ranges or limits simultaneously there is 
only a 23% chance that CAT will occur. While there is only approximately 
15% of the total observations included in this category, there is a high 
probability that CAT will not occur when the stated conditions are 
observed. 

Case 2; This case is similar to Case 1 with the exception that only 
two variables need to be considered in combination. The number of observa- 
tions in this category is only about 10% of the total. 

Case 3: This case differs from Cases 1 and 2 in that the' probabili' 

ties indicate conditions favorable for CAT rather than its absence. 

Either of these variables considered alone may be used to explain a large 
percent of CAT occurrences within the specified ranges. The combinations 
of variables do not improve the percentages significantly, but the number 
of cases explained by the combination of variables b and c increases 
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considerably. This combination of variables explains 76% of the observa- 
tions (approximately 1/3 the total number) falling within the stated 
ranges or limits. 

Case 4: Each of these variables differentiates between turbulent 

and smooth areas of approximately 70 and 80% of the observations which 
fall within the specified ranges when considered singly, and approximately 
75% of a much larger number of observations when the variables are 
considered jointly. 

Case 5: This combination of variables adds little to the cases 

considered above. 

Case 6: The percentages shown for this combination of variables are 

approximately equal to those already discussed except the number of 
observations increases considerably for combinations of the variables. 

The number of observations considered within the range of each variable 
is approximately 15-25% of the total; however, when the variables are 
considered jointly the percentage of the total increases to 30-40. This 
is a significant increase in the percentage of the number of observations 
accounted for, although the percentage verification does not increase. 

Case 7: While the percent verification does not increase signifi- 

cantly in this case, the number of CAT areas accounted for approximately 
doubles when combinations of variables are considered. 

Case 8: For the combination of variables a and c, the percentage 

verification increases over that for either of the variables considered 
alone. However, the number of observations decreases considerably when 
both variables are observed within the stated ranges. In this case, a 
slight improvement may be realized by considering two variables jointly, 
but the number of observations accounted for decreases. 

Case 9: The percent verifications for variables a and c are 68 and 

69, respectively, but when the variables are considered together the per- 
cent verification increases to 78% although the number of observations 
decreases by 50% to 18, which is approximately 10% of the total number. 
Thus, the percent verification increases but the number of observations 
falling within the stated limits decreases. 

Case 10: This case is similar to Case 9 in that the percent verifi- 

cation increased when variables b and c were considered in combination, 
but the number of observations falling within the stated limits decreased 
considerably. 

Cases 11, 12, and 13: In each of these cases at least one variable 

had percent verification of 75 or greater within the stated ranges, but 
any possible combination of the variables did not improve the percent 
verification. 

Cases 14 and 15: These cases do not show any particularly signifi- 

cant results except that the combination of variables b and c in Case 15 
increases the percent verification significantly, but is accompanied by 
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a decrease in the number of observations when these variables occur 
simultaneously within the stated ranges. 

Cases 16 and 17; The variables in these cases for the ranges as 
specified are more favorable for smooth than turbulent conditions. The 
only significant improvement in the percent verification noted was a 
combination of the Richardson number and local changes in the lapse rate 
of temperature which led to a significant decrease in the percent verifi- 
cation of CAT but, at the same time, a decrease was observed in the 
number of observations falling within the stated limits. 

Case 18: The combinations of variables for this case did not signifi- 

cantly improve the percent verification. However, when variables a or c ,, 
were considered together, the number of observations increased signifi- 
cantly. 

Case 19; The results of this case are similar to those for Case 18 
in that the combination of variables b or c encompasses a much larger 
percentage of the observations, but the percent verification did not 
increase significantly. 

Case 20; This case is interesting in that several combinations of 
the variables led to an increase in the number of observations encompassed, 
but the percent verification remained essentially unchanged. 

Cases 21 through 24; The combinations of variables considered in 
these cases did not improve the percent verification significantly in 
most cases, and the number of observations accounted for by the combina- 
tions was generally lower than those for the individual variables. 

With the exception of a very few cases, the data given in Table 5 
show that single variables are associated with CAT in about the same way 
as multiple variables; however, more areas of turbulence are accounted 
for in many instances when variables are considered in combination. In 
the cases where the percent verification increased, the number of cases 
generally decreased. Thus, there is a trade-off between the percent 
verification, and the number of areas within which CAT would be expected 
for the stated conditions. 

The best relationships between combinations of variables and non-CAT 
conditions are given by Cases 1 and 2 for the 300-mb level, and Cases 16 
and 17 for parameters determined from 100- and 200-mb data. The number 
of occurrences for the stated combinations of variables in these four 
cases is not large; the combinations of the variables considered differ- 
entiate between turbulent and non-turbulent conditions for only approxi- 
mately 15% of the observations. As shown in Table 5, the frequency 
distributions for turbulent and non-turbulent conditions show significant 
differences primarily when turbulence occurred rather than when turbulence 
did not occur. 

The cases where variables or a combination of variables with a verifi- 
cation of at least 75%., and where a large number of cases were included, 
are 3, 6, and 7 for the 300-mb level, 10 for the 200-mb level, 14 and 15 
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for the 100-mb level, 18, 19, and 20 for variables based on data at the 
100“ and 200-mb levels, and 21 for mixed layers. In these cases, approxi- 
mately one-fourth to one-third of the total number of observations are 
included. Cases 3, 10, and 21 show that scalar wind speed at the 100-, 

200- , and 300-mb levels is related to turbulence in about the same way as 
other variables or combinations of variables. The Richardson number has 
been found by many investigators to be a good indicator of CAT in the 
troposphere, but for the data shown here for the stratosphere the Richard- 
son number, even when used in combination with other variables, is not a 
key parameter which differentiates between CAT and non-CAT conditions. 

The variables in the lower stratosphere and upper troposphere which 
appear to be most important in differentiating between turbulent and non- 
turbulent conditions are scalar wind speed, vorticity, horizontal vector 
wind shear, vertical vector wind shear, the advection of relative vorticity, 
absolute vorticity, and the time rate-of-change of vorticity, horizontal 
wind shear, vertical wind shear, lapse rate of temperature, and the CAT 
Index. Fortunately, most of these variables are available or may be 
determined easily from synoptic data. In addition, many of them can be 
predicted with reasonable accuracy. 

F. VERIFICATION OF RESULTS AND A SUGGESTED PROCEDURE FOR FORECASTING CAT 

An abundance of clear-air turbulence data in the stratosphere above 
12.2 km (40,000 ft) does not exist. Some data were obtained, however, 
from about 20 flights of the YF-12A airplane flying in the same general 
area and altitudes as the XB-70. Meteorological parameters associated 
with CAT and non-CAT areas for these flights were computed in the same 
manner as those for the XB-70 data, but because of the small sample size 
(about 20 areas each of CAT and non-CAT) it was not possible to establish 
frequency distributions as was done for the XB-70 data. Instead, the 
results obtained from the XB-70 were checked as follows using YF-12A data. 
The number of parameters which exceeded the limits presented in Table 5 
associated with CAT and non-CAT areas was counted at each pressure 
level and for the 100-200-mb layer. It was found that when CAT occurred 
there were more limits exceeded than when CAT did not occur. The average 
number which was exceeded when CAT occurred for all layers was about 10 
as compared to about 6 for the non-CAT areas. In addition, it was found 
that the number of parameters whose limits were exceeded near the flight 
altitudes was generally greater in CAT areas as compared with 
those in non-CAT areas. For example, when the flight level was between 
100 and 200 mb the number of parameters whose limit was exceeded at 200 
mb was about 8-to-lO as compared with 2-to-6 when CAT did not occur. 

There were cases when these results were not obtained, but in these 
cases CAT was observed nearby (generally within 300 km). 

A suggested procedure for using the XB-70 results to forecast CAT is 
as follows. Evaluate the parameters in Table 5, count the number of para- 
meters exceeding the stated limits, and prepare charts showing the areal 
distribution of these numbers. Some indication of the altitude where the 
CAT would be expected can be estimated by comparing the relative number of 
limits exceeded at the 300- , 200- , and 100-mb levels. 
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Examples of this procedure for two XB-70 flights are shown in Figs. 3 
and 4. These figures contain isopleths drawn for the number of limits 



Fig. 3. Analysis of the number of parameters exceeding 
specified limits for October 16, 1965. The 
flight track of the XB-70 shows where turbulence 
was encountered. 


exceeded for variables presented in Table 5, and the flight tracks of the 
airplane showing where turbulence was encountered. The parameters were 
evaluated from rawinsonde data encompassing the flight time. In both 
figures, most turbulence was encountered in regions where the number of 
limits exceeded is about 8 or more, and smooth flight conditions in 
regions of 6 or less. With the exception of the extensive turbulence 
encounter over Idaho in Fig. 4, the turbulent regions were encountered in 
or near regions where the maximum number of limits were exceeded. For 
both flights there was generally a greater percentage of exceedances near 
the flight altitude than below it, but additional research is needed 
before conclusions can be reached regarding the expected altitude of 
turbulence. Results from this technique are considered further in the 
composite forecasting method presented in Chapter VI, 
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Fig. 4. Analysis of the number of parameters exceed- 
ing specified limits for January 3, 1966. The 
flight track of the XB-70 shows where turbu- 
lence was encountered. 
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CHAPTER IV. FORECASTING CLEAR- AIR TURBULENCE WITHIN SUB-LAYERS 
OF THE STRATOSPHERE BY DISCRIMINANT FUNCTION ANALYSIS 


by 

Terry Lee Clark 
Center for Applied Geosciences 
Texas ASM University, College Station, Texas 


A, ABSTRACT 


A procedure incorporating discriminant functions, derived from a 
form of linear regression, which would forecast the occurrences of clear- 
air turbulence within 2.1-km (7000-ft) sub-layers of the lower strato- 
sphere (12.2-20.4 km or 40,000-67,000 ft) over the western United States 
was devised. The values of 69 synoptic- scale parameters corresponding to 
turbulent and non-turbulent regions over the western United States were 
obtained from the United States rawinsonde network. The turbulent and 
non-turbulent regions were determined from turbulence data obtained from 
46 stratospheric flights of the XB-70 aircraft during the period March 
1965 to November 1967, and 23 stratospheric flights of the YF-12A aircraft 
during the period March 1970 to January 1972. 

The regions associated with the XB-70 data sample were grouped into 
one or more of five categories determined by the altitude of the aircraft 
at the time the turbulence or non- turbulence was reported. Discriminant 
function analysis was then employed to construct functions which could 
discriminate the turbulent from the non-turbulent regions. The best 
functions obtained for the sub- layers of the XB-70 data sample were tested 
by using independent information from the YF-12A data sample. Five 
functions, which best discriminated the regions in a sub- layer for both 
samples, were selected for the procedure of forecasting turbulent regions. 
This procedure, for the most part, identified correctly over 85 per cent 
of the turbulent and non-turbulent regions in each of the five sub-layers. 

Three different approaches were employed to investigate the 
possibility of forecasting the intensity of turbulence. One attempted to 
find a pair of synoptic-scale parameters of which simultaneous values 
would indicate the intensity of the turbulence predicted by the discrimi- 
nant functions. Another examined the possibility of the values of the 
discriminant functions indicating the intensity of the predicted turbu- 
lence. The last approach attempted to construct discriminant functions 
which would indicate objectively the intensity of the predicted turbu- 
lence. This approach, which proved to be the most successful, produced 
a discriminant function which identified correctly 62.5 and 68.5 per cent 
of the moderate to severe turbulence and light turbulence reports, 
respectively. Discriminant function analysis proved useful in determining 
a procedure to forecast the intensity of clear-air turbulence. 
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B. INTRODUCTION 


1. Statement of the problem 

Clear-air turbulence (CAT), or turbulence formed by mechanisms 
other than those associated with convection and normally encountered in 
cloud-free areas, is a mesoscale atmospheric phenomenon which has been 
related to various mesoscale atmospheric parameters, such as vertical 
and horizontal wind shears, gradient Richardson number, and horizontal 
temperature gradient. This mesoscale phenomenon always has been a 
problem to aviation, since it can lead to discomfort for pilots and 
passengers aiid in extreme conditions produce vertical accelerations 
strong enough to damage the structure of the aircraft. 

Since the advent of military and commercial stratospheric 
aircraft flights, an adequate procedure to forecast the spatial and 
temporal occurrences of stratospheric CAT is needed to warn aviators 
of the hazard. However, a successful forecasting procedure is diffi- 
cult to develop without a firm foundation for the theory of CAT, and 
this has not been established.' One of the reasons that an adequate 
foundation has not been established is that meaningful CAT data, 
especially stratospheric, are difficult to obtain systematically. 
Moderate or severe CAT over the United States in winter, the peak 
season for CAT, is encountered less than 5 per cent and light CAT is 
encountered between 10 and 15 per cent of over-all aircraft flight 
time (Endlich and Mancuso, 1967). Moreover, it is difficult to 
obtain representative data on the mesoscale atmospheric parameters 
associated with CAT. Also, it is unclear which of the many measurable 
mesoscale parameters should be incorporated into the forecasting pro- 
cedure. 

A forecasting procedure utilizing only the mesoscale parameters 
thought to be associated with CAT would be impractical for several 
reasons. For one, mesoscale parameters measured from aircraft would 
apply only to the localized regions in which they were measured. An 
exorbitant number of hours, measurements, recordings, and calculations 
would be necessary, therefore, to obtain the proper information to 
predict occurrences of CAT. Also, unlike synoptic-scale parameters, 
the values of mesoscale parameters change quickly with time and can be 
forecasted accurately for periods of less than 3 to 5 h (Robinson, 

1967). This would require more than several mesoscale sampling missions 
each day. 


2. Objectives 

The objective of this research is to determine, from a sta- 
tistical approach, algebraic functions involving selected synoptic- 
scale parameters which would indicate areas and altitudes where 
stratospheric CAT would occur. Although CAT is thought to be 
caused primarily by mesoscale parameters, synoptic-scale parameters 
are used, since their values are much easier to obtain on a regular 
basis and can be forecasted for much longer periods of time than 
mesoscale parameters. Moreover, it has been shown by Scoggins 
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et al . (1972) from statistical and synoptic approaches that there 
is an interrelationship between mesoscale and synoptic-scale 
atmospheric phenomena. 

Discriminant function analysis, first developed by Fisher 
(1936), was chosen as the statistical approach, since it proved to 
be reasonably successful in previous studies (Panofsky and Brier, 
1958; Miller, 1962; eox, 1973), The functions were determined 
from aircraft CAT data sampled by an XB-70 aircraft during the 
period March 1965 to November 1967 and were tested by independent CAT 
data sampled by a YF-12A aircraft during the period March 1970 to 
January 1972. 

The research Included investigations of several procedures 
of indicating the intensities of CAT. Three different procedures 
were examined. The first attempted to determine the intensity of 
the CAT by examining the simultaneous values of pairs of synoptic- 
scale parameters; another examined the numerical values of indi- 
vidual discriminant functions; and the third employed predictive 
functions derived from discriminant function analysis. 


C. BACKGROUND TO RESEARCH 


1 . Previous s tud i e s 


In the last two decades, many articles have been written con- 
cerning the mechanisms and prediction of CAT. As should be expec- 
ted, some of the results and conclusions reached by the various 
authors do not concur completely since a firm foundation of the 
theory of CAT has not been established. 

One conclusion which many researchers support is that CAT is 
caused primarily by unstable shear-gravity or gravity-inertia 
waves breaking into small eddies and transferring kinetic energy 
downscale (Kuettner, 1952; Clodman, Morgan and Ball, (1961); 
Holmboe, 1963; Endlich and Mancuso, 1964; Thompson, 1973). This 
process is illustrated in Fig. 5. It is theorized that shear- 
gravity waves will become unstable when the condition 


(P-P')X 


pp ' (u'-u) ^ 2ir 
p+p ' g 


is satisfied (Haltiner and Martin, 1957). (The lambda represents 
the wave length and the primed and unprimed quantities represent 
the conditions in the layer above and below, respectively, a sur- 
face of discontinuity.) In support of this theory, Hicks and 
Angell (1968) have shown that CAT occurred in relatively stable 
layers where considerable wind shear was present (conditions favor- 
ing breaking waves) after the presence of waves were discovered by 
radar in the same areas. 
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3 


Stable gravity waves 



Breaking gravity waves and eddies 



j 

Braided phenomenon indicating turbulence 

Fig. 5. Illustration of the stages of breaking gravity 
waves resulting in the formation of clear-air 
turbulence. The stages were detected by radar 
and reported by Hicks and Angell (1968). 
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According to another widely accepted theory, the motion 
becomes turbulent when the value of the Richardson number, which 
is the ratio of the buoyant force to the shearing stress, i.e.. 


Rl 



59/dz 


( 1 ) 


becomes smaller than some critical vabie. In this equation, g is 
gravity, 0 is potential temperature, V is the average vector wind, 
z is altitude, and a bar denotes an average. However, the critical 
number is uncertain, since the manner in which to calculate the 
Richardson number has many variations. Veazey (1970) indicated 
that from 31 studies utilizing measured data, the critical 
Richardson number varied from 0.5 to 5.0, while Lumley and Panofsky 
(1964) believe the correct value is 0.25. 

Many studies have been undertaken based on using these two 
theories and others to relate atmospheric parameters to the forma- 
tion of GAT. Endlich (1964) remarked that the sufficient condi- 
tions which lead to the formation of CAT have not been formalized, 
but certain mesoscale features appear adequate. They are a large 
vertical variation of wind speed and direction, the presence of an 
inversion, a sharp curvature of trajectory, and the presence of 
appreciable vertical motion. Ehemberger (1968) reaffirmed that 
wind velocity, vertical wind shear, and temperature parameters 
obtained from rawinsonde measurements were related to stratospheric 
CAT. In addition, Colson (1969) found a good relationship between 
relative vorticity and CAT, while Waco (1970) discovered that the 
vertical gradient of potential temperature within 0.3 km (1000 ft) of 
the turbulent layer correlated well with high-altitude CAT. 

With these and other theories and correlations as the bases 
for their studies, many researchers have attempted to construct 
successful procedures to forecast CAT. The first procedures re- 
flected the inaccessibility of computers and therefore were 
simplified. Harrison (1959), for instance, examined data reported 
by commercial aircraft to determine the probability of an aircraft 
encountering CAT. He based his procedure upon the horizontal wind 
shear and the relative position of the jet stream. 

As computers became accessible, standard meteorological data 
became easier to analyze and utilize. As a result, procedures to 
forecast CAT became more numerous and complex. Over the last few 
years, statistical analysis has been used widely as a research tool 
in developing forecasting procedures. Waco (1970) used the Chi- 
squared and Kolmogorov -Smirnov tests to determine the best atmo- 
spheric parameters which could be used in a forecasting procedure. 
Mancuso, Endlich, and Davies (1966), who found a 0.45 correlation 
coefficient between turbulence and the product of vertical wind 
shear and deformation, developed a technique to determine the 
climatology of turbulence, Cox (1973) used discriminant function 
analysis to determine functions, with synoptic-scale parameters as 
variables, which would discriminate occurrences and non-occurrences 
of stratospheric CAT. 
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2. Theory 


The method of discriminant function analysis, a form of 
regression analysis, is hardly a new one, since Fisher (1936) 
developed it almost four decades ago. Since then, several studies 
have been undertaken by using the analysis to attempt to predict 
such non-numerical predictands as occurrences of precipitation 
(Panofsky and Brier, 1958), ceiling heights (Miller, 1962), and 
occurrences of CAT (Cox, 1973). 

Discriminant function analysis foniiulates equations, composed 
of any number of terms involving parameters related to an 
event, which are capable of producing information identifying 
the occurrences and non-occurrences of that event. The greater 
the number of terms in the discriminant function, the greater the 
probability of obtaining an expression which perfectly discrimi- 
nates Event 1 (the occurrence) from Event 2 (the non-occurrence) 
in a given data sample. However, it should be emphasized that the 
greater the number of terms in the discriminant function, the 
greater the probability of limiting the success of the discriminant 
function to the dependent sample only. In this research, the maxi- 
mum number of terms considered was three. 

Linear and non-linear discriminant function analyses are 
beneficial as research tools, since the ability of selected combi- 
nations of variables and the resulting functions to discriminate 
Event 1 from Event 2 in a sample can be determined easily. Addi- 
tionally, once the most successful combination of variables has 
been determined, the resulting discriminant function can be used as 
a forecasting implement. After the values of the pertinent 
atmospheric parameters have been substituted into the dis- 
criminant function, the value of the function would indicate to 
which event the case would belong. If the functional value 
exceeded zero, the case would be classified as an occurrence of 
Event 1. If the functional value was less than zero, the case 
would be classified as an occurrence of Event 2. 

a) Linear discriminant function analysis . The general form 
of the linear discriminant function is 

L = + 0^X2 + + . . . Cj^Xj^ , ( 2 ) 

where X^, X 2 , X^, ••• \ ^re numerical predictors and represent 
synoptic-scale atmospheric parameters in this research. The 
coefficients c., c , c~, ... c, are chosen in a manner to maximize 
the quantity 



where L^ and L 2 are the average functional values for the respec- 
tive Events, or Groups, and is the standard deviation of L 
computed by pooling the sums of squares computed within each group. 
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The values of these coefficients were determined from the following 
set of equations: 


CiXi^ + H- C3X3_X3 + ... + c^x^Xj^ 


(N^+N^)^ ' 


(3) 


C1X2X1 + 03X2^ + C3X2X3 + . . . + Cj^X2X^ = 


(N^+N2)2 


(4) 


“l^2S 


X.^X, + C^X-,X^ + C^x^^ + ... + C X-XL 

(N^+N2)^ 


'1 3 1 2 3 2 3 3 


(5) 


^l^^l ^ ^2^2 °3^^3 + ••• ^ 




(N^+N2>2 


(6) 


where x^ = X. - Xj ^_^2 the deviation of the value of the 

parameter, X^, from the pooled mean of Groups 1 and 2; d. = X - X. ' 
is the difference between the mean of the parameter X. oi Group 1 ^ 
and the mean of the parameter X^ of Group 2; and and N 2 are the total 
number of cases in the turbulent and non-turbulent Groups, respectively. 

A part of the right-hand side of Eqs. (3) through (6), 

was used here in order to eliminate the need for 
a corrective term for the mean. If N / (N]^+ N 2 ) represents a 
predictand for all cases of Group 1 and -(N j^/N N 2 ) represents a 

predictand for all cases of Group 2, the average value of the 
predictand is zero, since 


Hv^2i 


+ N 


-Ni 

2IN1+N2J 


= 0 


Therefore, the sum of the squares of the predictands is given by; 



N^N 

n^+n" 
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After the k equations and k unknowns are solved by deternii- 
nantal methods, the coefficients are substituted into the following 
equation so that c^, the corrective coefficient, can be determined: 


c 

o 


-CiXi 


“ ^ 2^2 


- ^3^3 



( 7 ) 


where x.* = (X. + X.')/2 is the mean of the sum of the means of 

the perimeter X^" of Groups 1 and 2. After the corrective coeffi- 
cient has been calculated, the discriminant function of Eq. (2) 
is in a working form (Panofsky and Brier, 1958). When L = 0, in 
the case of a two-variable function, the resulting line in the 
^1^2 represents the linear discriminant function which best 

descriminates Events 1 and 2, Figure 6 illustrates figuratively the 
discrimination performed by an ideal, linear, discriminant function 
involving atmospheric parameters Xj^ and X2. 


b) Non-linear discriminant function analysis . One dis- 
advantage of the technique of using linear discriminant functions 
arises when the function discriminating Events 1 and 2 can dis- 
criminate best by becoming non-linear. The coefficients are deter- 
mined from a set of equations similar to those which are used for 
the linear discriminant function analysis but containing powers 
of one or more of the variables. These equations assume the following 
form: 






( 8 ) 


L^2 ’*^1 *^ 2^2 ° 3^2 *3 \ 


W 2 

(N^+N^) 


(9) 


C1X3X1 + C2X3X/ + C3X32 + ... c,x,x^ = 


^1^2^ 




( 10 ) 


2 7 «1^2\ 


^ "2^"2 ^ "3^k^3 ^ Vk 


( 11 ) 


Figure 7 illustrates figuratively the improvement in the discrimi- 
nation when the non-linear function is used. The broken line from point 
A to B represents the best linear discriminant function. This line 
did not discriminate perfectly occurrences of Events 1 and 2, since 
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* Event 2 


Illustration of the discrimination of two 
events by an ideal, linear discriminant 
function. 



Illustration of the discrimination of two 
events by an ideal, non-linear discriiainant 
function. The dashed line, AB, represents 
the best linear discriminant function. 



it incorrectly identified two occurrences of Event 1 and one occurrence 
of Event 2. Theoretically, utilizing non-linear discriminant function 
analysis, in some cases, should improve the ability to discriminate 
occurrences and non-occurrences of CAT (Groups 1 and 2, respectively), 
since only a few of the terms in turbulence theory are non-linear. An 
example is the square of the vertical wind shear in the denominator of 
the Richardson number, Eq. (1). 


D. DATA 


1. Aircraft 


The turbulence data employed in this research were provided by 
the NASA Flight Research Center, Edwards, California, and were 
obtained by two instrumented supersonic aircraft while in flight in the 
12.2-20.4-km (40, 000-67, 000-ft) layer of the atmosphere over the western 
United States. The XB-70 aircraft, which has been flown at speeds up 
to Mach 3.0 and altitudes over 21,3 km (70,000 ft), obtained turbulence 
data from 46 flights during the period of March 1965 to November 1967 
(Fulton, 1968). These data were used in this research as the dependent 
sample. Data from 23 flights of the YF-12A aircraft, obtained during 
the period of March 1970 to January 1972, were used in this research 
as the independent sample. 

The aircraft flights were not distributed evenly over the months 
of the calendar. However, the monthly percentages of the flights 
generally corresponded to the monthly percentages of all occurrences 
of turbulence reported by the Air Weather Service (Starch, 1968). This 
fact enhances the value of the aircraft sample. 

Each aircraft was instrumented with a NASA VGH (velocity-vertical 
acceleration-height) recorder which provided continually air speed, 
normal accelerations at the center of gravity of the aircraft, and 
aircraft altitude. The peak-to-peak normal accelerations, measured 
in g-units, were assumed to be direct indications of the intensity of 
the encountered turbulence. It was assumed that both aircraft would 
respond identically to turbulence. These normal accelerations were 
encountered by the two aircraft along planned routes, which differed 
with each mission. However, since the primary purpose of the missions 
was to test the aircraft, in a few cases alternative routes were 
scheduled if moderate or severe turbulence was thought to occur along 
the selected route (Wilson et £l , , 1971), 

The flight routes of the XB-70 aircraft and the encounters 
of turbulence were superimposed upon geographical maps of the 
western United States (Ehemberger, 1968), For every encounter of 
CAT, the time of encounter, peak-to-peak normal accelerations 
at the center of gravity of the aircraft, distance flown through 


32 



the turbulence j and pressure altitude were listed for each flight. 

The map of the data obtained from the XB-70 aircraft on November 2 , 
1965, is shown in Fig. 2. Similarly, maps were produced utilizing 
the information provided by the YF-12A aircraft. 

Segments of the flight route, ~ 200 km in length, were classified 
as "turbulent" if more than one occurrence of turbulence was encoun- 
tered along that portion. Some other segments of similar length 
were classified as "non- turbulent" if no turbulence was encountered 
by the aircraft along that portion. Turbulent and non-turbulent 
regions encompassing individual segments were established. Efforts 
were undertaken to maximize both the number of classified segments 
of a flight route and the distance separating each classified segment. 
It was necessary to separate the classified segments of the flight 
routes as far as possible in order to minimize the interdependence 
of the values of the synoptic parameters characteristic of one 
segment with those of another. As a result of this procedure, the 
46 XB-70 aircraft flights yielded 94 turbulent and 78 non-turbulent 
segments, while the 23 YF-12A flights yielded 18 turbulent and 22 
non-turbulent segments. 

2. Meteorological 

Since most of the data obtained from the aircraft missions 
were collected during midday, the preceding 1200 GMT and succeeding 
0000 GMT rawinsonde data for the corresponding XB-70 and YF-12A 
flight days were utilized to analyze 300- , 200- , and 100-mb 
constant-pressure maps. Although large portions of the flight 
routes were well above the 100-mb surface, rawinsonde data above 
that level were not utilized since the accuracy of wind measure- 
ments above the 100-mb level deteriorates. In addition, Scoggins 
and Incrocci (1973) concluded that occurrences of stratospheric 
CAT were correlated with upper tropospheric and lower strato- 
spheric (9.1-16.2 km or 30,000-53,000 ft) conditions. 

Values of 69 atmospheric parameters characterizing each 
turbulent and non-turbulent region were determined from the many 
constant pressure charts by averaging the values of the parameters 
observed in the region containing the segment. It was assumed that 
the mean values of the parameters were representative of the values 
observed in the regions. The 69 atmospheric parameters are listed 
in Chapter III, and in Appendices A and B. 

Synoptic-scale parameters which involved partial derivatives 
were computed by utilizing a square grid of 158-km spacing 
(illustrated by Fig. 1), and those which involved time changes 
were computed from the 1200 GMT to 0000 GMT time period. Values of 
all the parameters, except those involving rates of change, were 
determined from the 1200 GMT information since it was desired to 
characterize the state of the atmosphere before the turbulence was 
encountered. All the values which pertained to the XB-70 sample 
were stored on magnetic tape and those which pertained to the 
YF-12A sample were punched onto computer cards. 
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E. ANALYSIS OF DATA 


1. Stratification 


Since one objective of this research was to determine alti- 
tudes where CAT would occur, it was necessary to categorize the 
data into groups representing atmospheric sub-layers. The synop- 
tic data pertaining to 'the regions in a sub-layer could, there- 
fore, be utilized to determine discriminant functions which would 
predict the occurrence of turbulence in that particular sub-layer. 

The sub-layer, especially for the sample of dependent (XB-70) data, 
needed to be large enough to insure adequate sub-sample sizes, and 
to possess a sufficient number of turbulent and non-turbulent 
regions from which statistical results could be drawn. 

Sub-samples were obtained by establishing 2.1-km (7000-ft) thick 
sub-layers from the 12.2- to 20.4-km (40,000- to 67,000-ft) layer sampled 
by the two aircraft. The thickness of the sub-layers was chosen on the 
basis of the distribution of data in the vertical and the desire 
to minimize the number of sub-layers. It is unknown whether 
the results would have been improved if a different thickness 
was chosen. By overlapping each sub-layer with adjacent sub-layers by 
0.61 km (2000 ft), some of the regions and the appropriate synoptic data 
were used for more than one sub-layer. The number of regions in 
each sub-layer was increased to enhance the statistical significance 
of the data. The 112 turbulent and 100 non-turbulent regions from 
the XB-70 and YF-12A samples were separated into one or more of the 
following sub-layers: 


12 

2 - 

14 

3 

(40,000 

47,000), 

13 

7 - 

15 

9 

(45,000 

52,000), 

15 

2 - 

17 

4 

(50,000 

57,000), 

16 

8 - 

18 

9 

(55,000 

62,000), and 

18 

3 - 

20 

4 km 
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2 . Determination of variables used 

The determination of synoptic-scale atmospheric parameters 
used in the analyses of turbulence is difficult since our under- 
standing of CAT mechanisms is limited drastically. To compound 
the problem, the process of determining appropriate variable 
combinations for use in the discriminant function analysis also 
is difficult. The variables in one combination should be uncorre- 
lated and each variable should, ideally, demonstrate some bimodal- 
Ity with respect to turbulent and non-turbulent regions in order 
for the analysis to yield accurate results. However, most param- 
eters are at least slightly correlated physically, temporally, or 
spatially, and few parameters from a large sample are found to 
demonstrate a satisfactory degree of bimodality. 

A variable-combination selective process was used by Miller 
(1962). Out of 75 atmospheric parameters available to predict 
ceiling heights. Miller's process defined only five which con- 
tained enough discriminatory information. In addition. Miller 
noted that there was no reason to believe that the selected 
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predictors were the best set obtainable from all the available 
predictors. Such an approach was neither feasible in this study, 
because of constraints imposed by budgetary considerations, nor 
sufficiently promising to warrant consideration. 

Ideally, linear discriminant functions constructed from all 
possible two- and three -variable combinations should be calculated 
from the dependent data sample and tested from the independent 
data sample in order to determine the most significant combina- 
tions of variables. However, this is far from being practical, 
since the process would involve 54,740 linear discriminant func- 
tions and many hours of computer time that were not available for 
this work. 

The first variable combinations used in this research were 
adopted from Cox (1973), who utilized the resulting functions to 
attempt to forecast the occurrence of turbulence in the strato- 
sphere without stratification of the data. These combinations 
were selected as the result of a statistical study. Correlation 
matrices comprised of correlation coefficients between all 69 
variable combinations were selected on the basis of two require- 
ments. The first was that the absolute value of the correlation 
coefficient for the combined turbulent and non-turbulent regions 
be less than 0.30, while the second was that the absolute 
difference between the absolute values of the correlation coeffi- 
cients for the turbulent and non-turbulent regions be greater 
than or equal to 0.30. Other two-variable and all three-variable 
combinations were chosen on the basis of their physical relation- 
ships to CAT. 


3, Determination of linear discriminant functions 


Based upon the theory of discriminant function analysis 
discussed previously, a computer program was designed to calculate 
the values of the coefficients once the combination of variables 
had been selected. The 112 combinations selected by Cox were used 
to construct 112 discriminant functions for each of the five sub- 
layers. After the functions were constructed from XB-70 data, the 
computer was used to calculate the values of the functions by 
using simultaneous values of the proper variables from the 
dependent data sample. Theoretically, if the functional value 
exceeded zero, turbulence would be expected to occur; turbulence 
would not be expected to occur if the functional value was less 
than zero; and no conclusions would have resulted if the func- 
tional value equalled zero. 

The initial indication of success of a discriminant func- 
tion was based upon how well it identified both the turbulent and 
non-turbulent regions of the XB-70 sample in the appropriate sub- 
layer. The computer program calculated the percentage of the total 
number of turbulent and non-turbulent regions identified correctly. 

Any function was considered to have potential as a turbulent 
predictive equation if both of the turbulent and non-turbulent verifi- 
cation percentages exceeded 60 per cent. 
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The two-variable combinations, for which the discriminant functions 
showed an initial indication of success, were used with a third variable 
to form three-variable combinations. For example, if the discriminant 
function comprised of the two-variable combination, A and B, discriminated 
rather well, functions comprised of combinations A-B-C, A-B-D, A-B-E, 
and so on were determined. The addition of the third variable usually 
yielded the same degree of success or Improved the success of the two- 
variable combination. The three-variable functions which yielded results 
better than their two-variable counterparts were retained and the others 
were discarded. 

The three-variable combinations, for which the discriminant functions 
indicated an initial success, were used again in an altered form. One 
variable at a time was changed in an attempt to improve the results. 

This process resulted in a fewer number of improvements than the one 
previously discussed. Attempts to improve the three-variable functions 
in a sub-layer ceased when at least five of them yielded results which 
identified correctly 70 per cent or more of the turbulent and non- 
turbulent cases. 


4. Determination of non-linear discriminant functions 


After the best linear discriminant functions were chosen for the 
five sub-layers, non-linear discriminant function analysis was employed. 
The computer program employed to construct linear discriminant functions 
was altered to construct non-linear functions composed of squared 
variables from the dependent data sample. Each of the three -variable 
combinations of the selected linear discriminant functions was used in 
this program three times, but each time a different variable in the 
combination was squared. The program again was altered so that 
discriminant functions comprised of more than one squared variable 
could be constructed. 

As a result of this analysis, the discriminating line became a 
discriminating curve. A large majority of these discriminating curves 
yielded results that were worse than the discriminating lines. 

However, those non-linear functions which brought improvement were 
retained and their linear counterparts discarded. 


5. Determination of predictive procedure for turbulence 

The functions selected for the predictive procedure for each sub- 
layer, excluding the 16.8 to 18.9-km (55,000 to 62,000-ft) sub-layer, 
were determined by the following procedure. Those linear and non- 
linear functions which correctly discriminated at least 70 per cent of 
the turbulent and non- turbulent regions of the XB-70 sample for the 
sub-layers for which they were constructed were applied to the 
appropriate sub-layer of the YF-12A data. For each sub-layer, five 
of these discriminant functions, which produced the best results 
for the YF-12A sample, were selected. Those functions constructed 
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from the XB-70 sample that produced satisfactory results when 
applied to the YF-12A sample were considered to have a greater 
probability of discriminating turbulent regions when applied as 
a forecasting tool than those that did not. This assumes that 
the samples are representative. 

A different procedure to determine the predictive functions used 
in the forecasting procedure was employed for the 16.8 to 18.9-km (55,000 
to 62,000“ft) sub-layer, since very few of the many discriminant func- 
tions constructed from' the XB-70 sample for this sub- layer produced 
acceptable results when applied to the YF-12A sample. Discrimi- 
nant functions to be used in this sub-layer were determined 
from a combined sample of the XB-70 and YF-12A data. The per- 
centage of the turbulent and non-turbulent regions identified 
correctly by each function for both of the XB-70 and YF-12A data 
samples was calculated. The five functions selected for this 
sub-layer were required to produce satisfactory results for each 
of the two samples. However, no independent data were available to test 
the formulated functions as in the cases of the other sub- layers. 


6. Procedure for predicting the intensity of turbulence 

An accurate predictive procedure to forecast the areas and 
heights of CAT in the stratosphere is desired. Therefore, 
an attempt to establish an objective forecasting procedure was a 
primary objective of this research. However, once that procedure 
has been determined and proven to be successful, the question as 
to the intensity of the predicted turbulence remains unanswered. 

It is to the pilot's advantage to know the intensity of the turbu- 
lence. If turbulence was expected to occur along the desired 
route, the pilot could alter his planned route, or reduce the speed 
of the aircraft when approaching and flying through the predicted 
turbulent area. Under certain conditions, the influence of turbu- 
lence on the aircraft can be decreased by reducing the speed of the 
aircraft, since the force exerting normal acceleration upon the 
aircraft is proportional to the product of the density of the 
atmosphere at that level and the speed of the aircraft (Burnham, 

1969). 

Three different procedures were investigated, one observa- 
tional and two statistical in nature. The first approach examined 
the simultaneous values of several selected pairs of parameters for 
several intensities of turbulence. The turbulent regions of a 
sub-layer were categorized into three groups according to the 
intensities of the turbulence reports. The "light turbulence" 
group consisted of regions where turbulence caused normal acceler- 
ations at the center of gravity of the aircraft of less than 0.30 
g-units; the "moderate turbulence" group included those which 
caused accelerations equal to or greater than 0.30 and less than 
0.50 g-units; while the "severe turbulence" group included those 
which caused accelerations equal to or greater than 0.50 g-units. 

The values of selected pairs of parameters and the intensities 
of the turbulence encountered within each sub- layer were plotted on 
graphs. An example for the 16.8 to 18.9-km (55,000 to 62,000-ft) sub- 
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layer with the 300-mb zonal wind speed and the 200-mb temperature 
as the pair of synoptic-scale parameters is illustrated in Fig. 8. 

The lines separating turbulence of different intensities were 
drawn subjectively. From this figure, it can be seen that the 
turbulent regions are grouped in a general- fashion according to 
the intensity of the turbulence. However, since there was no 
objective procedure to choose which two variable combinations 
would be appropriate to indicate the intensity of the turbulence, 
another approach was pursued. 

This approach utilized the values of the individual discrim- 
inant functions and the average value of the five chosen for each 
sub-layer. It was hoped that the values of the functions would 
indicate the intensity of the turbulence. The advantage of such 
a relationship is that the necessary information would already be 
available, since the functional values must be calculated to 
determine whether turbulence would occur. 

The computed values of the five selected discriminant func- 
tions, which exceeded zero, as well as the arithmetic mean, for 
each sub-layer were plotted on a logarithmic scale and as a func- 
tion of the intensity of the turbulence reported in that sub-layer. 

Only the functional values for the turbulent regions correctly identi- 
fied by the discriminant function were plotted. The plots for the values 
of the functions for the 18.3 to 20.4-km (60,000 to 67,000-ft) sub- 
layer are illustrated in Fig. 9. The small circles in this illus- 
tration represent the mean of the functional values for the inten- 
sity group and the solid lines represent the range within one 
standard deviation of the mean. 

The plots showed that some of the discriminant functions 
tended to have increasing values for increasing intensities of 
turbulence. However, the overlap of the functional values in the 
groups of intensities was too great to distinguish the intensity 
of the expected turbulence. Therefore, it was concluded that the 
results from this approach were unacceptable as a procedure for 
forecasting the intensity of turbulence. This confirmed the 
results obtained by Cox (1973). 

The final approach made direct use of discriminant function 
analysis. This procedure required that the regions of the XB-70 
and YF-12A aircraft data samples be separated into two groups 
unlike those used in the first discriminant function analysis. 

The regions where moderate or severe turbulence was reported were 
separated from those where light or no turbulence occurred. 

From the combined XB-70 and YF-12A data samples, linear and 
non-linear discriminant functions were constructed and evaluated. 

The function which proved to discriminate best the intensities of 
the turbulence involved a three-variable combination -- the squares 
of two zonal wind-speed terms, and a vertical shear term. The re- 
sulting non-linear discriminant function is 
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intensities of the turbulence encountered 
within the 16.8 - 18,9-km (55,000 - 62,000-ft) 
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Logarithmic plots of the positive values and the mean values of the five discrimi 
nant functions selected for the 18.3 - 20.4-km (60,000 - 67,000-ft) sub-layer as 
a function of the intensity of the turbulence. The open circles represent the 
mean value of the indicated function for the indicated intensity of turbulence. 
The solid lines represent the range within one standard deviation of the mean. 

The dashed lines connect the means of each function for each intensity 
category. 












( 12 ) 


= -0.266 + 


8,424(10 ^)(U3>^ 


+ 28.84(9Vj^/3z)2_3^ 

+ 5.353(10~'^)(uj^)^ . 


The set of parameters used in this equation has been associated 
with the occurrence of CAT in the lower stratosphere (Ehernberger, 
1968; Cox, 1973). 

If CAT was predicted in a given sub-layer and if L > 0, 
moderate to severe CAT would be expected; if < 0, li^t CAT 
would be expected; and if L^. = 0, no predictive conclusions would 
be obtained. From this approach, out of the 56 moderate to severe 
turbulent regions and the 130 light or non- turbulent regions, 62.5 
and 68.5 per cent, respectively, were identified correctly. The 
results indicate that discriminant function analysis is useful for 
the establishment of a procedure to predict the intensity of 
turbulence. 

It should be noted, however, that the turbulence data 
used in this research was not well-suited for determin- 
ing a procedure which forecasts the intensity of CAT. The pilots 
of the aircraft did not search for occurrences of moderate to 
severe CAT in areas of encountered light CAT. There is no guaran- 
tee that intensities of CAT other than those encountered by the 
aircraft were non-existent. All the intensities in regions of 
CAT must be disclosed in order to obtain a data sample suitable 
for use in determining discriminant functions capable of fore- 
casting the intensity of CAT. 


F. RESULTS 

The five functions selected for each of the five sub-layers 
are listed in Table 6. The definition of the symbols used in the 
functions are listed at the end of this table. The percentages of 
the turbulent (T) and non-turbulent (NT) regions identified cor- 
rectly by the Individual discriminant functions and the number of 
turbulent and non-turbulent regions in each sub- layer for the two 
samples are listed in Table 7. It is important to note that the vast 
majority of the discriminant functions formulated for the 12.2 to 14.3 
km (40,000 to 47,000-ft) sub-layer incorrectly identified the only non 
turbulent region for this sub -layer from the independent data 
sample; hence a zero verfication percentage resulted. Conversely, 
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Table 6- The five discriminant functions selected for each sub-layer 



^1 

^2 

^3 

c 

0 

^1 

^2 

^=3 




12.2-14.3-km (40,000-47 

,000- ft) 

Sub- Layer 



Fl 


^1 

3(-V-V?)2/9t 

1,430 

-2.077x10"^ 

2.305x10"^ 

1.835x10^^ 

F2 


V/ 


6.191 

-5,896x10"'^ 

1.942x10"* 

-1.551x10"^ 

F3 


"^2 

3(-^*^T)2/9t 

-0.108 

3.710x10“^ 

-9.847x10"^ 

-6.785x10® 

F4 

»2 

Uj 


6.969 

-5.959x10“^ 

8.573x10"^ 

-1.533x10® 

F5 


“1 

or2_j^/3t)^ 

8.656 

-9,394x10“'^ 

8.746x10"^ 

14 

1.152x10 




13.7-15,4-km (45,000-52 

,000-ft) 

Sub-Layer 



Fl 



^1 

1.656 

-3.662x10““* 

2.902x10"^ 

1.386x10* 

F2 

''2 



7.307 

-6.413x10"* 

1.498x10"^ 

-2.941x10"® 

F3 

«2 

(6v^)^ 

"^2-1 

8.725 

-7.153x10"* 

1 ft 

2.281x10 

-3,558x10"® 

F4 

^2 

^1 

3(-V'VC)j^/3t 

1.840 

1.230x10"^ 

3,445x10"^ 

4.439x10®'® 

F5 

Tn 


3(gv )/3t 

2.242 

3.373x10"^ 

-2.671x10"^ 

2,296x10®'® 



Table 6 . (continued) 




Fl 

F2 

F3 

F4 

F5 


"^2 

OV 3 z )2 

-1 

-0.548 

2.379x10"^ 


3 0V^/3z)2-i 

/3t 

-0.318 

1. 395x1 O"^ 
-5 

^2 

^2 


-1.461 

9.413x10 

-2 

^1 

^2 


1.110 

2.685x10 

^1 

(3(-V-VC)^/3t)^ 

1.395 

2.498x10"^ 


16.8-18.9-km 

(55, 

000-62,000- 

•ft) S\ib-Layer 


Fl 


(3\T/3n) 

-4- 

F2 


(-V-VT) 

F3 


^2-1 

F4 


^1 

F5 

3T^/3t 

3Ci/3t 


-4.828x10 

-1.547x10 


-3 


8 


-6.731x10 


8.229x10“ 


1.470x10" -3.385xl0‘ 


2.323x10 


-2 


2.740x10 


-2 


6.758x10 

6.029x10 


24 


^2 

-0.294 

-2 

2.173x10 

4.041x10^ 

1.198x10^ 

^2-1 

-0.227 

1.969xl0"^ 

4.870x10^ 

3,628x10^ 

2 

-0.252 

2.053x10"^ 

4.217x10^ 

4.660x10® 


-0.316 

3.575x10"^ 

-1.563x10"^ 

1.073x10^ 

-V-VT) 

-6.297 

2.721x10^ 

-3.198 

-2.829x10^ 



Table 6 . (continued) 


■P- 




^2 

^3 

c c_ 

o 1 

^2 

°3 




18.3-20.4-km (60,000- 

•67,000-ft) Sub-Layer 



FI 

Vi 

(3V/3n)^ 


-0.568 3.855x10"^ 

4.598x10^ 

9.611x10^ 





-2 

-3 


F2 




-0.565 3.915x10 

-4.348x10 

1.271x10 

F3 

S 

3T^/3t 

^2-1 

4.643 -5.067x10"'^ 

5.170x10^ 

5.142x10^ 

F4 


3Ci/3t 

(-V-'^T)^ 

6.171 -5.206x10”'^ 

-5.892 

2.493x10^ 

F5 


(3V3^)2-1 


3.204 -1.113x10"^ 

-5.609x10^ 





List of Symbols 




V 

Scalar wind speed 

n Absolute 

vorticity 



U 

Zonal wind speed 

T Temperature 



V 

Meridional wind speed 

r Temperature lapse rate 



3%/ 32 

Vertical 

vector wind shear 

H Pressure height 



3l//3n 

Horizontal vector wind shear 

8 Coriolis 

parameter 



? 

Relative 

vorticity 

Ri Richardson number 



Ci 

CAT Index developed by Colson and Panofsky (1965) 



Subscripts 1, 

2, and 3 denote the 100- , 200- , and 

300-mb levels, respectively. 




Table 7. Verification percentages*of the turbulent (T) and non-turbulent (NT) regions for the 

functions presented in Table 6. The nuitiber of turbulent and non-turbulent regions for 
each sub-layer is indicated. 



Fl 

F2 

F3 

F4 

P5 

Number of Regions 

T NT 

T 

NT 

T 

NT 

T 

NT 

T 

NT 

T 

NT 

12. 2-14. 3 km 

(40-47 X 10^ ft) 











XB-70 

83.3 90.0 

81.8 

90.0 

83.3 

80.0 

81.8 

70.0 

78.8 

70.0 

33 

10 

YF-12A 

66.7 00.0 

75.0 

00.0 

85.7 

00.0 

75.0 

00.0 

66.7 

00.0 

14 

1 

13.7-15.9 km 

(45-52 X 10^ ft) 











XB-70 

84.8 92.3 

72.7 

92.3 

78.8 

84.6 

72.7 

76,9 

75.8 

69.2 

33 

13 

YF-12A 

53.8 00.0 

93.3 

100.0 

92.3 

100.0 

69.2 

100.0 

61.5 

100.0 

15 

1 

15.2-17.4 km 

(50-57 X 10^ ft) 











XB-70 

76.1 88,2 

78.3 

82.4 

69.6 

88.2 

80.4 

70.6 

78,3 

70,6 

46 

17 

YF-12A 

92.9 60.0 

78.6 

40.0 

86.7 

33.3 

71.4 

40,0 

71.4 

60.0 

15 

6 

16.8-18.9 km 

(55-62 X 10^ ft) 











XB-70 

60.0 83.3 

65.7 

80.0 

65.7 

80.0 

57.1 

86.7 

68.6 

60.0 

35 

30 

YF-12A 

80.0 41.7 

70.0 

50.0 

70.0 

58.3 

80.0 

58,3 

60.0 

75.0 

11 

13 

18.3-20.4 km 

(60-67 X 10^ ft) 











XB-70 

72.7 75.0 

72.7 

7.0.0 

69.7 

70.0 

69.7 

67.5 

60.6 

62,5 

33 

40 

YF-12A 

66,7 55.6 

66.7 

55.6 

66.7 

77.8 

33.3 

66.7 

66.7 

77.8 

3 

9 


*Because of missing meteorological data some percentages are based on a number of regions 
less than shown in the table; however, in no case was the number reduced by more than 3. 



the majority of the discriminant functions formulated for the 13.7 to 
15.9-km (45,000 to 52,000-ft) sub"layer correctly identified the only 
non-turbulent region for this sub-layer from the independent data; 
hence a 100 per cent verification for four of the five chosen discri- 
minant functions resulted. 

The results of the individual discriminant functions determined 
in this research were much better than those obtained for the functions 
formulated by Cox (1973). Cox made no effort to stratify the synoptic 
and turbulence data before formulating discriminant functions. Instead, 
the complete dependent data sample was used to formulate discriminant 
functions, which attempted to Identify turbulent regions in unspecified 
layers of the lower half of the stratosphere. He then stratified the 
turbulent and non-turbulent regions into three 3-km (10,000-ft) sub- 
layers in order to examine the verification percentages of the four 
discriminant functions selected. The combinations of the variables 
used in the functions, the ability of the functions to discriminate 
the regions, and the number of turbulent and non-turbulent regions in 
each of the two samples are listed in Table 8. Cox found that the 
functions discriminated best for the regions of the 13.8 to 16.8-km 
(45,000 to 55,000-ft) sub-layer and noted that nine of the ten variables 
used in these functions represented atmospheric conditions within this 
layer. 


In every sub- layer, more than ten different variables have 
been shown to be related to stratospheric clear-air turbulence. 

It would be advantageous to consider more than three variables 
when determining whether turbulence should occur within a sub- 
layer. Therefore, it was believed that the predictive capabilities 
of the discriminant functions considered collectively would be 
improved by incorporating the best five discriminant functions of 
each sub-layer. 

The forecasting procedure employing this concept was based 
upon the simultaneous values of the five functions of a sub-layer. 
If four or five of the values of the discriminant functions for a 
region in a sub-layer exceeded zero, clear-air turbulence would be 
expected to occur in that region of the sub-layer. If one or two 
of the values of the discriminant functions for a region in a sub- 
layer were less than zero, no turbulence would be expected to occur 
in that region of the sub-layer. When only three of the values 
were either greater or less than zero, no predictive information 
was obtained. 

The percentage of turbulent and non-turbulent regions for the 
XB-70 (dependent) and YF-12A (independent) data samples in each 
sub-layer, correctly identified by the forecasting procedure, are 
shown in Table 9. Also shown for each sub-layer is the number of 
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Table 8 . Summary of results obtained by Cox (1973) . 



Function 



Number of regions 


Fl = 

F 1 (V 3 ^, V^, OV/an)^) 



T 

NT 


F2 = 

F 2 IU 3 , U 3 , OVj^/az)^ 

- 1 ^ 

XB-70 

93 

56 


F3 = 

F3(u2, idV/^n)^. 

' 


YF-12A 

16 

21 


F4 = 

F4(Vj^, 








Verification percentages 

of Functions 




Fl 


F2 

F3 


F4 



T 

NT 

T 

NT T 

NT 

T 

NT 

Total XB-70 sample 61.7 

71.8 

62.8 

62.8 62.8 

61.5 

64.9 

57.7 

1 13.8 km 

(45,000 ft) 







XB-70 

53.0 

■k 

60.0 

* 60.0 

* 

53.0 

* 

YF-12A 

* 

* 

* 

* * 

* 

* 

* 

13.8-16.8 

km (45,000-55,000 ft) 






XB-70 

75.0 

95.0 

71.0 

90.0 71.0 

85.0 

71.0 

80.0 

YF-12A 

77.0 

38.0 

77.0 

75.0 62.0 

38.0 

77,0 

38.0 

> 16.8 km 

(55,000 ft) 







XB-70 

58.0 

67.0 

60.0 

50.0 60.0 

47.0 

66.0 

55.0 

YF-12A 

* 

8,0 

* 

17.0 * 

17.0 

* 

42.0 


*Insufficient Data 

"^Subscripts 1, 2, 3 denote the 100- , 200- , and 300-mb levels, 
respectively. 
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regions where no predictive conclusions (NPC) were obtained by the 
forecasting procedure. The results for both data samples were 
generally in good agreement, with the verification percentage exceeding 
eighty in most instances. Statistical variations in the relatively 
small sample sizes (10 to 60) in each sub-layer could easily account 
for the differences noted. 


Table 9. Verification percentages (VP) of the turbulent and non- 
turbulent region^ in the sub-layers of the XB-70 (depen- 
dent) and YF-12A (independent) samples for the turbulence 
forecasting procedure. Also listed is the number of regions 
where no predictive conclusions were obtained (NPC). 


Sub-Laver (km) 

XB-70 

Turbulence 

YF- 

-12A 


Non-Turbulence 
XB-70 YF 

-12A 


VP(7.) N 

NPC 

vpa) 

N 

NPC 

VP(%) 

N 

NPC 

VP(X) 

M 

NPC 

n.2 - 14.3 

93.3 

33 

3 

81.8 

14 

1 

90.0 

10 

0 

00.0 

1 

0 

13.7 - 15.9 

87.5 

33 

1 

100.0 

15 

1 

92.3 

13 

0 

100.0 

1 

0 

15.2 - 17.4 

86.4 

46 

2 

90.9 

15 

3 

88.2 

17 

0 

80.0 

6 

1 

16.8 - 18.9 

74.1 

35 

8 

88.9 

11 

1 

93.3 

30 

0 

60.0 

13 

2 

18.3 - 20.4 

86.2 

33 

4 

100.0 

3 

1 

90.9 

40 

7 

87.5 

9 

1 


*Based on turbulence and non- turbulence encounters in each sub-layer. 
If, in a region defined as turbulent or non- turbulent, the aircraft 
was changing altitude the discriminate functions for each sub-layer 
penetrated by the aircraft were evaluated. This resulted in more 
encounters than regions. 


G. SUMMARY 


The development of discriminant functions, with synoptic- 
scale parameters as variables, capable of predicting the areas and 
altitudes of stratospheric clear-air turbulence was the primary 
goal of this research. Also, predictive methods indicating the 
intensity of the predicted turbulence were investigated. The data 
employed in this study consisted of two samples of turbulence data 
obtained by the XB-70 and YF-12A aircraft, and 69 synoptic-scale 
parameters determined from rawinsonde data; discriminant function 
analysis was the primary analytical tool. 
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The samples of turbulence data were obtained from stratospheric 
flights (12.2 to 20.4 km or 40,000 to 67,000 ft) during the period March 
1965 to January 1972. With each report of turbulence, the following 
information was provided: 1) geographical location; 2) time of 

the encounter; 3) peak-to-peak normal accelerations at the center 
of gravity of the aircraft; 4) distance flown in turbulence; and 
5) pressure altitude. Since the encounters of turbulence were 
scattered along the flight routes, segments of the flight routes 
approximately 200 km in length were classified as turbulent or 
non- turbulent. As a result, 94 turbulent and 78 non-turbulent 
segments were defined from the XB-70 sample and 18 turbulent and 
22 non-turbulent segments were defined from the YF-12A sample. 

The values of 69 synoptic-scale parameters, assumed to 
represent atmospheric conditions along the turbulent and non- 
turbulent segments, were determined from data obtained from the 
United States rawinsonde network. The parameters involving partial 
derivatives were computed from a square grid having a spacing of 
'^■158 km, and those involving time changes were computed over a 
12-h time period encompassing each flight. All others were deter- 
mined from 1200 GMT Information. These values and the segments 
they represent were grouped into classes representing 2.1-km 
(7000-ft) sub-layers of the stratosphere. 

Two- and three-variable combinations of synoptic-scale 
parameters then were selected by a statistical process and by 
intuition. Discriminant function analysis was employed to formu- 
late discriminant functions for the five sub-layers of the depen- 
dent, XB-70 aircraft, data sample. For each sub-layer, five 
functions that best discriminated the turbulent from the non- 
turbulent regions within that sub-layer were retained and the 
others were discarded. The occurrence of turbulence would be 
predicted in the sub-layer when four or more of the five appro- 
priate functions had values greater than zero. If two or less 
had values greater than zero, turbulence would not be predicted. 

No predictive information would be available if three of the 
functions had values greater than or less than zero. This proce- 
dure, for the most part, correctly identified over 85 per cent of 
the turbulent and non-turbulent regions in each of the five 
sub- layers. 

After the forecasting procedure was, finalized, three 
different approaches were investigated to predict the intensity 
of the turbulence. The first attempted to find pairs of synoptic- 
scale parameters whose simultaneous values would indicate the 
intensity of the expected turbulence. One pair of parameters (the 
300-mb zonal wind speed and the 200-mb temperature) was rather 
successful in grouping the intensities of the turbulence reported 
by both aircraft. 
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Another approach was examined since there was no objective 
manner to select the pairs of atmospheric parameters in the first 
approach. This approach examined the possibility of the functional 
values being correlated to the intensities of the turbulence. 
Although the mean of some of the values increased with increasing 
intensities, the functional values were not distributed well enough 
for this approach to be useful. 

The last approach employed discriminant function analysis to 
formulate a function which would indicate the intensity of the 
turbulence, A function involving the squares of the 100- and 300-mb 
zonal wind speeds, and the vertical wind shear proved to be rather 
successful. Out of the 56 moderate or severe turbulent segments 
and the 130 light or non- turbulent segments, 62,5 and 68,5 per cent, 
respectively, were identified correctly. The results indicate that 
discriminant function analysis can be used as a technique to 
develop a procedure to forecast the intensity of turbulence. 


H, CONCLUSIONS 


The results of this research indicate that there is, indeed, 
a relationship between selected combinations of synoptic-scale 
parameters of the upper troposphere and lower stratosphere and 
stratospheric CAT, They suggest further the possibility that 
synoptic-scale parameters influence the mesoscale features which 
are responsible for the occurrences of CAT, The discriminant 
functions formulated from selected combinations of some of these 
parameters were successful in discriminating between the turbulent 
and non- turbulent regions in sub- layers of the stratosphere. The 
percentages of the regions identified correctly were considerably 
improved over those resulting from the functions formulated from 
non- stratified data by Cox (1973), This indicates that turbulent 
and non- turbulent segments of the XB-70 and YF-12A samples were 
identified more accurately by discriminant functions formulated 
from stratified data samples than those from the entire sample. 

The functions formulated in this research could prove to be 
valuable for an objective forecasting procedure for stratospheric 
CAT. 


There seems to be a possibility that the intensity of 
turbulence can be predicted by discriminant function analysis. 

A discriminant function which indicated the intensity of the 
expected turbulence was constructed and indicated correctly over 
60 per cent of the moderate-or-severe turbulent and light • 
turbulent regions. Further research should improve the verifica- 
tion percentage. 
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The success of discriminant functions as predictors of CAT 
derived in this research will depend partly upon the degree of 
representativeness of the data samples used. It also will depend 
upon the effect of the unequal number of turbulent and non-turbulent 
regions in some of the sub-layers of the data samples. It also will 
depend on the quality of the data used for verfication and on the 
representativeness of off-track data to conditions along the track. 

The variable combinations selected were chosen on the basis 
of their theoretical relationships to turbulence and as a result of 
a variable correlation analysis and intuition. Ideally, the vari- 
ables in a combination should not be correlated with each other and 
should demonstrate some bimodality with respect to the occurrences 
and non-occurrences of turbulence regions. However, since the 
ideal criterion for the variable combination would have severely 
limited the number of combinations, an altered form was used. 

There is no certainty, however, that the variable combinations of 
the most successful discriminant functions formulated in this 
research are the best possible. 

There are a few disadvantages in the nature of the turbulence 
data reported by the two aircraft that could have influenced the 
results. For one, most of the flights were in the Spring and very 
few in the Summer, Moreover, turbulence very likely could have 
existed in other altitudes of the regions where the aircraft 
reported no turbulence. Similarly, moderate or severe turbulence 
could have existed in other altitudes of the regions where 
the aircraft reported only light turbulence. The primary purpose 
of the aircraft missions was to test the handling and structure 
of the aircraft, and not to search for regions of turbulence 
(Wilson e^ , 1971). Finally, it should be emphasized that the 
reported intensity of the turbulence was a function of the 
product of aircraft speed and air density at the flight altitude. 

Due to the high speed of the aircraft, stable gravity waves could 
have caused the aircraft to encounter normal accelerations in 
regions where no turbulence existed. 
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CHAPTER V. THE CURVATURE OF THE WIND PROFILE AS A FACTOR IN THE 
FORMATION OF CLEAR AIR TURBULENCE 


by 

Norman Charles Possiel, Jr. 

Center for Applied Geosciences 
Texas A6M University, College Station, Texas 


A. ABSTRACT 

This study concerns the importance of the curvature of the wind 
profile to the amplitude of mountain waves. Mechanisms favorable 
for clear-air turbulence (CAT) are discussed in relation to such 
wave motions. 

Relationships between CAT encountered in the stratosphere by 
an-XB-70 aircraft over mountain-wave areas and the curvature of the 
wind profile in the troposphere are studied. Expected mountain- 
wave areas are defined from topographical and tropospheric wind 
criteria. Areal fields of the vertical gradient of curvature are 
determined and related to the distribution of mountain-wave areas 
and turbulent and non-turbulent regions encountered by the XB-70. 

The results indicate that turbulent regions in the stratosphere are 
most likely over mountain-wave areas where the vertical gradient 
of curvature is positive, and that turbulent- free regions can be 
expected outside of mountain-wave areas where the vertical gradient 
of curvature is negative. These relationships were tested by using 
two independent XB-70 flights. 


B. INTRODUCTION 

The development of supersonic military and commercial aircraft 
has led to an increase in concern about the occurrence of turbulence 
in the stratosphere. The United States and the Soviet Union are 
using supersonic aircraft in their military programs, and the Anglo- 
French Concorde is in commercial service. Test flights by the XB-70 
supersonic aircraft over the western United States during 1967 and 
1968 have provided a measure of the extent and intensity of strato- 
spheric turbulence encounters (Ehernberger, 1968). These data are 
amenable to analysis aimed at revealing the nature of the turbulence. 

With respect to the topography of the western United States, 
it has been suggested that mountain waves may play a fundamental 
role in the generation of stratospheric turbulence (Ehernberger, 

1968; Foltz, 1967; Burnham, 1968), Mountain waves are quasi-stationary 
gravity waves with typical wavelengths of 1 to 25 km which form 
when the wind crosses a mountain ridge with speeds in excess of some 
critical value and the Scorer parameter decreases rapidly with height. 
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The rate of the vertical decrease of the Scorer parameter depends 
upon static stability and the curvature of the wind profile. While 
it is assumed generally that stability is the dominant factor, 
Scoggins and Incrocci (1973) have shown that curvature is of equal 
importance. When mountain waves form, the local structure of the 
atmosphere is modified;, this may lead to conditions favorable for 
the formation of CAT (Foltz, 1967). 

Results of the Sierra Wave Project (Holmboe and Klieforth, 

1957) indicate that stratospheric turbulence is more intense and 
frequent over mountainous regions than over flat terrain. Indeed, 
turbulence encountered on 14 flights by the RAE PR9 Canberra air- 
craft in the stratosphere while flying through mountain waves over 
the western United States was reported to be as severe and extensive 
as that experienced near large thunderstorms (Burnham, 1968). Clear- 
air turbulence, such as experienced by aircraft in the stratosphere, 
is believed to be caused by the breakdown of organized wave motions 
into turbulent flow, or by the encounter of the aircraft with a 
succession of waves while traveling at supersonic speeds. Turbulence 
encountered in the vicinity of thunderstorms, however, is due to 
horizontal variations in the vertical-motion field caused by buoyancy 
and wind shears associated with the local structure of the storm. 

This study will be concerned with clear-air turbulence caused by 
mechanical production since it is this type which is associated with 
mountain waves. 


1. Statement of the problem 

The prediction of the specific location of turbulence is a difficult 
problem because there is a large difference in scale between clear- 
air turbulence (CAT) and the standard rawinsonde observations 
(Reiter and Foltz, 1967), which provide the only routine data at 
upper-tropospheric and lower- stratospheric altitudes. Even so, 
such data must be considered judiciously, because the soundings may 
not be taken within many miles of the track of the aircraft. Clear- 
air turbulence is a mesoscale phenomenon with typical horizontal 
dimensions less than 150 km (Reiter, 1969). Rawinsonde observations, 
however, are made on a synoptic scale where stations are on the 
order of 400 km apart. Thus, any direct measurement of CAT by 
rawinsonde data is mainly fortuitous (Dutton and Panofsky, 1970). 

However, Scoggins et al^. (1972), in a detailed study of several 
dynamic, kinematic, and thermodynamic atmospheric variables, suggested 
that it is possible to relate mesoscale phenomena to synoptic-scale 
conditions which, in turn, may often be determined adequately from 
rawinsonde data. 


2. Objectives 

Scoggins and Incrocci (1973) examined the relationships between 
mountain wave conditions and turbulence encountered by the XB-70 in the 
stratosphere. They achieved some success in associating days with 
turbulence with characteristics of the vertical profile of the Scorer 
parameter, determined from rawinsonde data. In particular, they 
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found that the cuirvature term, which is a measure of the curvature 
of the wind with height, becomes important in the determination of 
the magnitude of when mountain waves were expected or observed. 
Therefore, the objectives of this research are to: 

a) Examine, from a theoretical point of view, the influence 
of curvature on the formation and amplitude of mountain waves; 

b) Examine and "clarify" the theoretical relationship between 
mountain waves and the generation of turbulence; and, 

c) Establish the relationship between curvature and turbulence 
encountered by the XB-70 in the stratosphere over mountainous terrain. 


C. BACKGROUND TO PRESENT RESEARCH 

1. Theoretical influence of curvature upon mountain waves 

Corby and Wallington (1956), from Scorer's (1949) lee-wave 

theory, derived an equation that expresses the maximum value of the 

amplitude of mountain waves, A : 

m 


A = 
m 


2 2 
L sin cp 


(X ^ cos^cp)^ (nn - q) + tancp) 

s 




(13) 


where 


2 2 2 
= (X/ - 

i denotes a lower layer, 
s denotes an upper layer. 
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U 
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is the stability term. 


^ is the curvature term (hereafter referred to as curvature) , 


U is horizontal wind speed 


t.-o . 


U" indicates the second derivative of horizontal wind speed with 
respect to height, z. 


g 


9.8 m s“^ 


3 = i ^ , where 0 is mean potential temperature in a layer 

0 

cp is a phase angle between 0 and tt/2, and 
n is an integer with values of 1, 2, 3.... 
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From Eq. (13), Corby and Wallington state that lee waves having 
large amplitude will exist when is large. By examination of 
conditions which lead to large values of L^, the influence of 
curvature is revealed. 


The variable, Ip-, attains it largest value when: 


a) 



approaches zero. 


and 


2 

b) has a large positive value. 

2 

It is evident that ^ will approach zero if the stability term is 2 
small and the curvature term is large and positive. Similarly, 
will have a large positive value if the stability term is large and 
the curvature term is large and negative. 


In consideration of air mass characteristics, L will thus 
attain its largest magnitude where the stability decreases and the 
curvature increases with altitude in the troposphere. This relation- 
ship is illustrated by several examples of vertical profiles of the 
stability term and the curvature term that were determined when 
mountain waves were expected (Fig. 10). Similar conditions were 
observed during the Sierra Wave Project (Holmboe and Klieforth, 

1957) upstream of the ridge crest. Therefore, the curvature term 
is important in determining the magnitude of and from Eq. (13) 
the mountain-wave amplitude. Moreover, since the curvature term gen- 
erally varies more with altitude than the stability term, as shown 
in Fig. 10, the former may exert the greater influence. 


2. Large-amplitude mountain waves in the stratosphere 

Although Scorer's (1949) lee-wave theory characterizes wave 
motions in the troposphere, he later (Scorer, 1954) suggested that 
high level "nacreous" clouds may be induced by mountain-wave motions. 
Gotaas (1961) concluded, after considerable case studies and docu- 
mentation, that these clouds must indeed be generated by mountain 
waves . 

Corby and Sawyer (1958) and Hines (1960) state that a broad 
spectrum of waves can be generated by air flowing over irregular 
terrain. Some of these waves have large amplitude in the upper 
troposphere and lower stratosphere, and can be propagated horizontally 
in airstreams which contain favorable wind and stability conditions 
near the tropopause (Corby and Sawyer, 1958). Hines (1960) states 
that waves initiated by tropospheric wind disturbances can be 
propagated upward through the stratosphere to considerable heights. 

In addition. Sawyer (1960), in a numerical application of the basic 
wave equations, found that large-amplitude mountain waves can exist 
near the tropopause. 

Eliassen and Palm (1961) state that mountain waves having a 
wavelength of at least 30 km are capable of, being propagated from 
the mountain top into the stratosphere. Palm and Foldvik (1960), 
in their study of mountain-wave characteristics, found that a moun- 
tain ridge 700-m high can cause a 400-m displacement of the airstream 
at an altitude of 20 to 30 km. Further evidence of high-altitude 
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Height (km) 


Lander Jan. 3, 1966 


Yucca Flat Mar. 19, 1966 |- Winnemucca Mar. 19, 1966 


the stability term x 10"' m"'^ (dashed lines) 
the curvature term x 10"7 (solid lines) 

Examples of the vertical profiles of the stability and curvature terms that 
were determined when mountain waves w-ere expected. 






mountain waves was found during the Sierra Wave Project when sail 
plane flights reached a height of 10 km during strong wave conditions 
(Holmboe and Klieforth, 1957). 


3, Influence of wave motions upon energy transfer and the generation 
of turbulence 


It has been suggested that energy of the tropospheric airstream 
may be propagated vertically by the spectrum of mountain-induced 
waves (Hines, 1960). Although the exact mechanism behind the trans- 
fer of energy is not known, wave energy js propagated with the 
speed of the group velocity of the wave jpattem (Haltiner and Martin, 
1957). Hines and Reddy (1967) state that this wave energy may be 
intensified by the wind and temperature structure at high levels, 
although no indication was given of any particular wind or temperature 
distributions which would favor intensification. However, for 
energy to be propagated to high levels of the atmosphere the wind 
direction must remain essentially constant from the surface to the 
level where the energy is absorbed (Eliassen and Palm, 1961). 

Eliassen and Palm (1961) assert that wave energy propagated to 
high levels may be converted to turbulent energy. Reiter and Foltz 
(1967) offer the theory that the energy of standing lee waves may 
"cascade" downscale and "feed" small-scale motions which, in turn, 
may be experienced by aircraft as CAT. They also state that aircraft 
measurements have indicated that CAT found in thermally stable regions 
can be associated with the breakdown of organized waves into turbulent 
eddies. 

Dutton and Panofsky (1970) state that large perturbations such 
as mountain waves may initiate atmospheric turbulence. From the 
theoretical discussion in this study, it was shown that large- 
amplitude mountain waves may be generated by an increase in curvature 
with height (increasing wind shear). In addition, an examination 
of the airflow through a lee-wave train indicates that sinking air 
between crests and troughs causes the formation of thermal inversions. 
The following discussion of CAT mechanisms shows how these same wind 
and stability conditions are favorable for the generation of turbulence. 

One CAT mechanism is a large wind shear across a narrow thermal 
inversion (Lumley and Panofsky, 1964). The Richardson number, Ri, 
believed to be an important indicator of turbulent flow is defined 
by: 


Ri = S 

9 (3v/Sz)l^ 


( 14 ) 



where V is the average vector horizontal wind, and the other variables 
are as previously defined. Lumley and Panofsky (1964) state that 
when Ri decreases below some critical value, Ric » the generation of 
turbulence by wind shear exceeds its dissipation by buoyancy. The 
existence of turbulence;, therefore, depends essentially upon the 
square of the wind shear since its dissipation by buoyancy is depen- 
dent upon the first power of the gradient of potential temperature 
(Dutton and Panofsky, 1970). For example, as air descends from the 
crest to the trough of a wave, an internal thermal discontinuity 
is formed; Dutton and Panofsky suggest that in the formation of this 
discontinuity both isotachs and isentropes will be compressed. At 
some stage in this process th# Richardson number will decrease below 
the critical value and turbulence will begin. 

The breakdown of unstable shear-gravity waves into turbulence 
is another mechanism for the generation of CAT. Shear-gravity waves 
may form as perturbations on an internal surface of thermal discon- 
tinuity embedded in wind shear (Haltiner and Martin, 1957). These 
conditions are similar to those expected in large-amplitude mountain 
waves. If the wind shear is strong enough across the discontinuity, 
the wave will become unstable and break down into turbulence (Dutton 
and Panofsky, 1970). From wave theory, when the last term (involving 
the radical) in the equation 


where : 


- PU+P*U* 
P+P* 


r g\(p-p*) _ PP*(U-U*). 


2TT(p+p*) 


(p+p*) 


(15) 


* denotes the upper layer, 

, . r "^1 

p xs density j_gm cm J 

U is horizontal wind speed 
g 9.8 m s"^, and 
X is the wave length jji^ , 


m s"^ J , 


becomes imaginary, shear-gravity waves will be unstable. 


Equation (15) was applied to rawinsonde data for 1200 GMT, Decem- 
ber 2, 1965, from Winnemucca, Nevada. The observed temperature, moisture, 
and wind speed profiles (Fig. 11) indicate that mountain waves were 
possible over the station at that time. A value for the radical term 
was calculated across the discontinuities at both the 625- and the 
330-mb levels. The results indicate that shear-gravity waves were 
likely to be stable at the 625-mb level but unstable at the 330-mb 
level. This does not necessarily mean that CAT would be occurring 
but it does imply that conditions were favorable for turbulence. It 
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Fig. 11. Temperature, moisture, and wind distributions with 
height observed at Winnemucca on Dec. 2, 1965, at 
1200 GMT. 
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is important to note that the XB-70 encountered turbulence on that day 
at 1735 GMT at an altitude of 13.8 km (45,000 ft) above Winnemucca 
(turbulence encounter #4 in Fig. 12). 

The preceding discussion indicates that although the small-scale 
and rapid dissipation of turbulence prohibits a direct observation of 
turbulent flow, the statement that atmospheric wind and stability 
conditions associated with mountain waves are theoretically favorable 
for the generation of CAT is entirely plausible. Thus, since curvature 
is related to large-amplitude waves, and these waves are associated with 
conditions favorable for CAT, curvature may be an important parameter in 
the formation of CAT. 


D. DESCRIPTION OF DATA 


1. Meteorological data 

Atmospheric data from rawinsonde ascents were available on micro- 
film for both 0000 GMT and 1200 GMT from the National Weather Service, 
Data from 27 rawinsonde stations across the western United States were 
analyzed both to determine expected mountain-wave areas and to perform 
calculations necessary for this study. The locations of the 27 stations 
are shown in Fig. 13. 

2. Aircraft data 

Data were available from 46 XB-70 test flights over the western 
United States from March 1965 to November 1967. The general extent of 
the area traversed by the aircraft is shown in Fig. 14. During most of 
these flights the aircraft cruised above 12.2 km (40,000 ft) and at 
supersonic speeds. Turbulence experienced by the aircraft was measured 
by a recorder which provided a time trace of the pressure, altitude 
and vertical accelerations at the center of gravity of the aircraft. 

The data used in this study consisted of the maximum normal accelera- 
tion, anmax’ each encounter, together with the pressure-height 
and the distance flown in turbulence. An example of the form in which 
the aircraft data were obtained is presented in Fig. 12. 

Since it was the objective of this research to study the inter- 
relationships between mountain-wave areas, CAT and non-CAT regions, and 
the distribution of the vertical gradient of curvature, flight tracks 
covering a large area with portions over mountain-wave regions were 
considered to be germane to the study. Thus, the track length was 
measured by using a planimeter, and expected mountain-wave areas were 
determined from the meteorological data. Seventeen flights were avail- 
able where the XB-70 traveled at least 2 x 10^ km and flew at least 100 
km over each expected mountain-wave region during each flight. In 
addition, strong mountain waves were found on eight of the days, as 
determined by the characteristics of vertical ascent rates of rawinsonde 
balloons (Scoggins and Incrocci, 1973). Of the 17 flights, 15 were 
chosen for analysis, and two were used as independent test cases. 


60 













Fig. 13. Rawinsonde stations across the 
western United States. 
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Fig. 14. 


General areal extent of XB-70 


flights. 


E. ANALYSIS OF DATA 

1. Grouping of the turbulence encounters 

Turbulent and non-turbulent regions were defined along sections 
of each flight track according to the following criteria: 

a) all turbulent and non-turbulent regions must be at 
least 200 km long; 

b) all regions must be separated by at least 100 km; 

c) all turbulent regions must contain at least two 
turbulence encounters, or one encounter at least 
200 km long; 

d) all non-turbulent regions must not contain any 
turbulence encounters; and, 

e) all non-turbulent regions must be at least 100 km 
from any Isolated turbulence encounters. 

The region- length requirement was designed to compensate for the 
difference in horizontal dimensions between CAT regions and the 
spacing of meteorological data so that the turbulent and smooth 
sections of the flight tracks could be related to synoptic-scale 
conditions. In addition, the distance between successive regions 
was maximized in an effort to minimize the interdependent influences 
between the regions. Moreover, non-turbulent regions were defined 
along sections free of turbulence, and turbulent regions were defined 
where a substantial amount of turbulence was encountered to insure 
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that any relationships between the two types of regions and specific 
meteorological conditions were representative. That is, the effects 
of any spurious encounters and any isolated encounters, which would 
not be reflected in rawinsonde data, were removed. Portions of any 
flight track not contained in either a turbulent or a non-turbulent 
region were not analyzed. 

As an example. Fig. 15 shows the location of turbulent and non- 
turbulent regions for January 15, 1966. From the above set of criteria, 
47 turbulent regions and 43 non-turbulent regions were defined for 
the 15 flight days. 


2 . The areal distribution of expected mountain waves 

The terrain of the western United States is very conducive to 
the formation of mountain waves (Harrison and Sowa, 1966). The 
numerous sections of parallel ridges, such as those located over 
Nevada, Utah, and Idaho, together with the major ranges (the Rockies, 
Cascades, and Sierra Nevadas) serve to intensify and complicate 
wave patterns. The locations of the crests of these ridges are 
shown in Fig. 16. 

To study the effects of mountain waves it is necessary to 
understand the atmospheric conditions which lead to their formation. 
Gazzola (1964) suggests general criteria for the vertical variation 
of wind speed and direction necessary to initiate waves of large 
amplitude. The criteria are: 

a) a minimum wind speed of 7 to 15 m s“^ normal to and at 
the crest of the ridge; 

b) wind direction which does not vary considerably with height; 

and 

c) an increase in wind speed with height to the upper troposphere 
(10 to 12 km). 

In addition, Scoggins and Incrocci (1973) suggest a minimum wind 
speed of 10 m s"^ at the mountain ridge and an increase in speed 
with height. The following criteria were used in this study to 
define areas where conditions were favorable for the formation of 
mountain waves. These criteria are: 

a) 700-mb wind speed of at least 8 m s”^ normal to the 
mountain ridge; 

b) wind direction variation of not more than 40 deg between 
700 mb and 350 mb; and 

c) 350-mb wind speed of at least 10 m s” normal to the 
mountain ridge. 

Harrison and Sowa (1966) state that moderate waves have been found 
to carry CAT a distance of 280 km (150 nm) downwind from the mountain 
crest. This distance is not a direct function of the height of 
the mountain since CAT has been^ found to accompany only lee waves 
of wavelength about 25 km or less, this being within the range 
normally generated by mountain ridges (Foltz, 1967). Based upon 
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this, the horizontal range of expected mountain-wave areas in this 
study was defined to extend from the mountain crest to 250 km (135 
nm) downwind. Thus, expected mountain-wave areas were determined 
for each flight day in consideration of the meteorological criteria, 
ridge locations, and downwind distance. 


3. Evaluation of the vertical gradient of curvature 

As shown by Scoggins and Incrocci (1973), the curvature term 
can be as important as the stability term to the magnitude of the 
Scorer parameter during mountain-wave conditions. Theoretically, 
an increase of curvature with height (A(U"/U) > 0) is conducive to 
the formation of large-amplitude mountain waves since during these 
conditions, curvature (U"/U) acts to cause to decrease with 
altitude. Thus, CAT would be expected to occur where mountain-wave 
areas and positive values of A(U"/U) coincide. 

Fields of the areal extent of the vertical gradient of (U"/U) 
were defined for each of the 15 flight days to determine relation- 
ships between this term, conditions favorable for mountain waves, 
and CAT encountered by the XB-70 in the stratosphere. Values of 
(U"/U) were determined at 3.0 and 7.6 km (10,000 and 25,000 ft). 

These two levels were chosen because they correspond closely with 
mountain crests and the altitude were the curvature term generally 
reaches a maximum value (Scoggins and Incrocci, 1973). 

Figure 17 shows the procedure that was used to determine (U"/U) 
and the vertical gradient of curvature, A(U"/U), for each flight 
day. In step 1, values of scalar wind speed were determined at 1.5-km 
(5000-ft) intervals from 1.5 to 9.1 km (5000 to 30,000 ft) for each 
rawinsonde station. The vertical wind shears were computed by finite 
differencing between successive levels as shown in step 2. In step 3, 
the curvature, U", was computed for levels 2 and 5 as shown. The 
values of the curvature term, (U"/U), were computed as shown in 
step 4 by dividing each value of curvature by the wind speed at that 
level, A scalar analysis was then performed on the values of (U"/U) 
from the 27 stations for both levels. In step 5, the areal fields 
of A(U"/U) were determined by graphically subtracting the (U"/U) 
field at level 2 (3 km or 10,000 ft) from that at level 5 (7.6 km or 
25,000 ft). By superimposing the expected mountain-wave areas on 
the turbulent and non- turbulent regions and the A(U"/U) fields, 
their interrelationships were established. 

An example of the analysis is discussed for one typical flight. 

On March 15, 1966, the XB-70 traveled 3700 km, 49 per cent of which 
was flown over expected mountain-wave areas (Fig. 18). Two turbulent 
and five non- turbulent regions were defined along portions of the 
track. All the turbulent regions occurred in the mountain-wave areas 
from western California across western Nevada into southeast 
Oregon where A(U"/U) > 0. In addition, four of the non-turbulent 
regions occurred where A(U"/U) < 0 outside of any mountain-wave 
areas. Moreover, the remaining non-turbulent region occurred 
while the aircraft was flying over an extensive mountain-wave area. 


67 



Height ( xlO ft) 


Procedure: Step 1 


Step 2 


Step 3 


Step 4 


Step 5 


Variable: wind Speed Wind Shear 


Curvature 


Curvature 

Term 


Gradient of 
Curvature Term 




Fig. 17. Procedure for determining the vertical gradient of the curvature term. 




Expected mountain-wave areas 
where (U"/U) > 0 

Fig. 18. XB-70 flight track for March 15, 1966. 
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but where A(U"/U) < 0. Thus, areas of positive and negative values 
of the vertical gradient of curvature together with the location of 
areas expected to contain mountain waves appear to define sections 
of the flight track where turbulent and non-turbulent regions are 
likely to occur. Theae results are typical of the other flights 
analyzed . 


F. RESULTS 


The results of the study are presented in Table 10 from which 
it was determined that 42 of the 47 turbulent regions occurred 
over mountain-wave areas and that 37 of these were located where 
the curvature term increased with height, i.e., where A(U"/U) > 0. 

In addition, the five turbulent regions which occurred outside of 
mountain-wave areas were located such that three occurred where 
A(U"/U) > 0 and two where A(U"/U) < 0. It also was determined that 
31 of the 32 non-turbulent regions defined outside mountain-wave 
areas occurred where the curvature decreased with height, i.e., 
A(U"/U) < 0. There were 11 non-turbulent regions defined within 
mountain-wave areas, and all 11 occurred where A(U"/U) < 0, The 
results indicate that CAT generally occurs in expected mountain-wave 
areas where A(U"/U) > 0, with smooth conditions outside mountain- 
wave areas where A(U"/U) <0. , 

The results were tested by using two independent flights. 
Meteorological data were examined for these days by using the same 
criteria as previously defined to determine where mountain waves 
were expected, and (U"/U) was computed as before. The flight 
tracks were superimposed over the expected mountain-wave areas and 
the fields of A(u"/U) < 0. 

On March 24, 1966, (Fig. 19), three turbulent and three non- 
turbulent regions were defined. The two turbulent regions located 
within the expected mountain-wave area occurred where A(U"/U) > 0, 
whereas the one turbulent region located outside of the expected 
mountain-wave area occurred where A(U"/U) < 0. In addition, the 
three non-turbulent regions were located outside of the expected 
mountain-wave area where A(U"/U) < 0. All three turbulent regions 
defined on April 1, 1966, (Fig. 20), were located in expected 
mountain-wave areas where A(U"/U) > 0. Moreover, the two non- 
turbulent regions occurred outside expected mountain-wave areas 
where A(U"/U) < 0. 

In summary, these two cases show that the turbulent 
regions inside mountain-wave areas were located where A(U"/U) > 0, 
and that all the non-turbulent regions both inside and outside 
mountain-wave areas were located where A(U"/U) < 0. Thus, these 
two independent test cases support the results given in Table 10, 
i.e., CAT in the stratosphere generally occurs where mountain 
waves are expected and the curvature increases with height, while 
smooth conditions generally are observed outside these areas and 
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Table 10. The sign of A(U"/U) for the turbulent and non-turbulent regions 
occurring within and outside of expected mountain-wave areas. 




Turbulent 

Non-Turbulent 

Flight 

Inside 


Outside 

Inside 

Outside 

Date 

Mountain-Wave 

Mountain-Wave 

Mountain-Wave 

Mounts in- Wave 


Areas 


Areas 

Areas 

Areas 


U" 

A(^)>0 A( 

o 

V 

n** u** 

4(^)>0 A(^)<0 

IT*' TJH 

A(^)>0 A(^)<0 

TJ" TI” 

A(ijj-)>0 A(i|j-)<0 

April 20, 1965 

4 

1 




June 16, 1965 

5 




1 

July 01, 1965 



1 

4 

2 

Oct. 14, 1965 

2 



1 

1 2 

Oct. 16, 1965 

1 


1 


2 

Nov. 02, 1965 

1 


1 


4 

Dec. 02. 1965 

3 




2 

Jan. 03, 1966 

4 


1 


1 

Jan. 12, 1966 

2 


1 


3 

Feb. 09, 1966 

2 




4 

Mar. 10, 1966 

3 

1 


1 

1 

Mar. 15, 1966 

2 



1 

4 

Mar. 17, 1966 

2 

2 


4 


Mar. 19, 1966 

3 




4 

April 26, 1966 

3 

1 



1 


37 

5 

3 2 

0 11 

1 31 

Totals 

42 


5 

11 

32 


47 43 




Fig- 



Turbulent regions 


Non- turbulent regions 


Expected mountain-wave area 
where (U"/U) > 0 


19.. XB-70 flight track for March 24, 1966. 
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Turbulent regions 


Non- turbulent regions 


Expected mountain-wave areas 
where (U"/U) > 0 


Fig. 20. XB-70 flight track for April 1, 1966. 
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where curvature has a negative change with height. 

To substantiate further the validity of the results, the 17 
flights were separated by a random process into two sub-samples 
consisting of 8 and 9 flights, respectively. Each sub-sample was 
analyzed in the same manner as the complete sample of 17. It was 
found that the results ,for each sub-sample varied by 10 per cent 
or less within each category, and by less than 10 per cent when 
compared to the totals presented in Table 10, This indicates* that 
the results of Table 10 are not biased by sample size, but are an 
accurate representation of what might be expected from any number 
of flights. 


G. SUMMARY AND CONCLUSIONS 


The purpose of this research was to relate stratospheric 
turbulence encountered by the XB-70 airplane over the mountainous 
regions of the western United States to expected mountain-wave 
areas and changes in the curvature of the wind profile with height. 

A theoretical investigation indicates that a positive change of 
curvature with height in the troposphere contributes to large- 
amplitude lee waves. Such large-amplitude waves may be important 
in the transfer of energy upward into the stratosphere and may 
create conditions favorable for the generation of CAT in that 
region of the atmosphere. 

The theoretical results then were applied to actual atmospheric 
conditions during XB-70 flights in the stratosphere. The distribu- 
tion of the vertical gradient of curvature A(U"/U) was determined 
fo'r the western United States for 15 flight days. Ninety 
independent turbulent and non- turbulent regions were defined from 
the XB-70 data, and expected mountain-wave areas were determined 
from topographical criteria and tropospheric wind conditions from 
each flight day. The turbulent and non- turbulent regions together 
with the mountain-wave distributions were examined in relation to 
the field of A(U"/U) for each day. 

It was determined that 37 out of 42 turbulent regions over 
expected mountain-wave areas were located where A(U"/U) > 0, and 
that 31 out of 32 non-turbulent regions outside of expected 
mountain-wave areas occurred where A(U"/U) < 0. In addition, 

A(U"/U) was negative for all non-turbulent regions within expected 
mountain-wave areas. Two independent cases were analyzed and both 
were found to support these results. Moreover, essentially the 
same results were obtained from an analysis of two random sub- 
samples of the data. 

In conclusion, the results of this study show that the 
curvature of the wind profile is an important tropospheric variable 
in the determination of stratospheric CAT regions. In addition, 

CAT regions are likely to occur where the curvature increases with 
height in the troposphere in areas where mountain waves are expected, 
and that turbulent-free regions are most likely to occur outside 
mountain-wave areas where the curvature decreases with altitude. 
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CHAPTER VI. COMPOSITE CAT FORECASTING PROCEDURE 


A. INTRODUCTION 

The ultimate purpose of this research was to develop an objective 
CAT forecasting procedure for the western part of the Unj.ted States. 

The procedure incorporates the three techniques discussed previously. 

The first technique, statistical analysis, is based upon critical 
values of 25 synoptic parameters. The number of parameters in a region 
which exceeds the critical values was considered to be proportional to 
the probability of the occurrence of CAT in that region. The discriminant 
function method was based upon the values of five different functions, 
with synoptic parameters as variables, for each of five overlapping sub- 
layers between 12.2 and 20.4 km (40,000 and 67,000 ft). The number of 
positive functional values in a sub-layer was considered to be proportional 
to the probability of the occurrence of CAT in that sub-layer. The last 
technique was based upon Scorer's curvature-of-the-wind-profile term in 
the 3.0-7.6-km (10, 000-25, 000- ft) layer. It was assumed that regions 
where the gradient of the curvature was positive were regions where 
large-amplitude mountain waves and stratospheric CAT would occur. 

In order to be practical, the CAT forecasting procedure must 
require minimal manual effort, expense, and time. In addition, the 
meteorological data required for the analysis must be readily 
available. Therefore, a computer program was written to carry out 
the procedure. This computer program: (1) computed, from standard 

rawinsonde data, the numerous fields of synoptic parameters (for 
1200 and succeeding 0000 GMT) required for the procedure; (2) applied 
the three CAT forecasting techniques to the grid points; and 
(3) printed a grid map with the results of the three techniques. 

Once the rawinsonde data have been obtained and read into the computer, 
the forecast can be completed within a short time. The computer program 
is presented in Appendix C, 


B. APPROACH 


1. Method of analysis 

a) Data input . To minimize the time required to arrive at 
a forecast, the amount of data input was minimized. Synoptic para- 
meters were determined from 1200 and succeeding 0000 GMT atmospheric 
data obtained from 26 stations of the western United States rawinsonde 
network. The geographical locations of the rawinsonde stations are 
shown in Fig. 13. Although some of the stations are not located 
in the forecast region, the measurements obtained from them should 
improve the meteorological parameters computed for the forecast region. 

The atmospheric data employed by the CAT forecasting procedure 
consist of the geopotential heights and temperatures at the 300-,' 200-, 
and 100-mb levels and the wind velocity at the 100-mb level (hereafter 
referred to as primary parameters), and wind speeds at 1.5-km (5,000-ft) 
intervals in the 1.5 to 9.1-km (5,000 to 30,000-ft) layer. 
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(b) Determination of synoptic fields . The fields consisted of 
values of parameters representing points separated approximately 
158 km on an 18 x 18 grid over the western half of the United States, 
The 18 X 18 grid and tliat portion of the grid located in the forecast 
region are illustrated in Fig. 21. 



Fig. 21. The 18 x 18 grid employed for the 
determination of the fields of the 
synoptic parameters, and the 11 x 11 
grid (denoted by the square) employed 
for the forecasting procedure. (The 
two outer rows of grid points have 
been omitted.) 
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The determination of the synoptic fields began by converting 
the geographical coordinates (latitude and longtitude) of the rawinsonde 
stations' into grid coordinates (row and column). The values of the 
primary parameters extracted from the rawinsonde data were assigned 
to the respective positions on the grid. A double-linear interpolation 
process was then employed to assign values of the parameters to 
all the points on the grid. Six iterations were performed for 
the curvature- term technique, while only four were needed for the 
remaining two techniques. The value of a parameter at a point was 
determined by those values obtained from the rawinsonde stations 
included in the scan radius. A scan radius of 3.0 was used to 
determine the wind fields at and below 9.1 km (30,000 ft), while a scan 
radius of 4.0 proved to be more suitable for the fields of the 
remaining parameters. A smoothing process using a system of weights 
illustrated in Fig. 22 was employed to improve the representativeness 
of the fields. The other details are shown in the computer program 
in Appendix C. 


c 

B 

c 

Statistical Analysis and 

• 

• 

• 

Discriminant Function Analysis 




A = 6.400 X lO"^ 
B = 8.000 X lO'^ 

B 

• 

A 

« 

B 

C = 1.000 X 10'^ 


C B C 

» • • 


Curvature Analysis 
A = 9.801 X 10’^ 

B = 4.950 X 10"^ 

C = 2.500 X 10"^ 


Fig. 22. The weighting system employed in the smoothing process 
to determine the value at point A. 
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Only one field was required for the technique involving the 
curvature-of-the-wind term from Scorer's parameter. This term 
was computed at 26 points on the grid corresponding to the location 
of the rawinsonde stations using information extracted from the 
rawinsonde data obtained from these stations. The details of this 
calculation are discussed in the preceeding chapter. The field 
was then determined for each grid point by interpolating and smoothing 
the 26 values. 

After the fields required for the curvature technique were completed, 
the fields for the remaining two techniques were determined. First, 
the 1200 and succeeding 0000 GMT fields of the primary parameters 
were determined for the 300- , 200- , and 100-mb geopotential surfaces. 

The values on these primary fields were used directly in the statistical 
and discriminant function techniques and/or used to determine the 
fields of other parameters. 

The geostrophic wind fields for the 300- and 200-mb geopotential 
surfaces were determined from the corresponding geopotential height 
fields. Therefore, the winds at these two levels were not required 
as data input. The winds at these levels are in geostrophic balance 
most of the time so the fields of the zonal and meridional winds were 
calculated from the geostrophic wind equation: 


u or V 


f 


A H 
2 A n 


(17) 


where n is along either x or y, f is the coriolis parameter, g is 
gravity, and H is geopotential height. The scalar wind speeds at 
200 and 300 mb were determined by the square root of the sum of the 
squares of the two wind components at each grid point; 


V . 

ij 


(u. . 
tj 


) + (v. . ) 

ij 


(18) 


The fields of the zonal and meridional wind components at the 
100-mb level were determined by first computing the values of the 
components for each rawinsonde station. These components were 
calculated from the velocity vector at the 100-mb level, which was 
part of the input data. Unlike the other wind fields, the 100-mb 
wind fields were determined by interpolating and smoothing the wind 
data plotted at the rawinsonde stations. 

The fields of all variables required in the forecasting procedure 
were computed for each grid point from values of the primary parameters 
as previously described. Table 11 summarizes all the fields required. 


78 



Table 11. List of parameters required in forecasting procedure. 


^3,2,1 

OVaz)2_i 


Br2_i/at 

T 

3,2,1 

(av/an)^^ 


d(-V.vT)3^2/St 

(-V-vT)3 

,2,1 ^"" 3 , 2,1 


SCi/dt 

^2-1 

'^l. 5 , 3 . 0 , 4 . 6, 6. 1 , 7 . 6, 

,9.6 


Ri 

S,2,l 


d(Sv/dn) j^/9t 

Ci 



d(dV^/az)2_j^/at 

^3,2,1 

(-V-V 03 


d(pV2)/&t 

'"3,2,1 

aH2/dt 


ac^/at 

""3,2,1 

^'' 3 , 1 /^^ 


a(-v-vQ^^^/at 


Explanation of Symbols 

V 

Scalar wind speed. 

0 

Absolute vorticity 

u 

Zonal wind speed 

T 

Temperature 

h 

Vertical vector wind shear 

r 

Temperature lapse ; 

V 

Meridional wind speed 

H 

Pressure height 

dV /dn 

Horizontal vector wind shear 

p 

Coriolis parameter 

r 

Relative vorticity 

Ri 

Richardson number 

Ci 

CAT Index developed by Colson 

and 

Panofsky (1965) 


Subscripts 1, 2, and 3 denote the 100-, 200-, and 300-mb levels 
respectively, and subscripts 1.5, 3.0, 4.6, 6.1, 7.6, and 9.6 denote 
the height in km. 
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c) Application of the techniques . In the curvature technique, 
it was postulated that large -amplitude mountain waves would form in areas 
where positive values of the curvature tend occurred. Since 
theory predicts that large-amplitude mountain waves are associated 
with positive values of the curvature term, and since CAT may be 
associated with these waves, CAT was predicted when the value of 
the term exceeded zero'. 

The statistical analysis technique was applied to every grid 
point on the pertinent fields. At each grid point, the values were 
compared to the critical values of the 25 chosen parameters. Both 
the critical values and the significant parameters were chosen by 
statistical methods (see Chapter III). At every grid point, the 
number of parameters having values in the critical, or turbulent, 
range (either greater than or less than the critical value, depending 
upon the parameter) was determined. It was reasoned that the greater 
the number of parameters having values in the critical range, the 
greater the likelihood of the existence of CAT. It was found that 
areas of CAT generally corresponded to regions where 8 or more of the 
significant parameters had values in the critical range, while areas 
of non-CAT generally corresponded to regions where 6 or less of the 
significant parameters had values in the critical range. 

The discriminant function analysis technique was applied to 
each grid point on the pertinent fields of synoptic parameters. 

The values of the 25 discriminant functions (five for each of the 2.1-km 
(7,000-ft) sub- layers discussed in detail in Chapter IV) were computed 
at each grid point where the computer program determined the number 
of discriminant functions, in each of the five sub-layers, having 
values greater than zero. It was assumed that the greater the 
number of positive functional values in a sub-layer of a region, 
the greater the likelihood of CAT in that sub-layer. 

The purpose of the forecasting procedure resulting from all three 
techniques was to indicate geographical areas where a supersonic air- 
craft flying in the lower stratosphere was likely to encounter CAT. 
Therefore, the discriminant function analysis technique was used in 
a manner to give a forecast for the entire layer. The computer program 
determined the number of sub- layers having more than three out of the 
five discriminant functions with positive values. It was reasoned 
that the greater this number, the greater the likelihood that an air- 
craft flying through the stratosphere would encounter CAT. 

The group of discriminant functions in the 16.8-18.9-km (55,000- 
62,000-ft) sub-layer tended to underforecast CAT. To improve results, 
this sub- layer was considered to have more than three functions with 
positive values if the sub-layer below (15 . 2-17.4-km or 50,000-57,000 
ft) and the sub-layer above (18 . 3-20.4-km or 60,000-67,000 ft) both 
had more than three functions with positive values. This did not alter 
the forecast for this layer often, but brought the results more in 
agreement with adjacent layers. 
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2. Development of the composite CAT forecasting procedure 


The three forecasting techniques were applied to the meteorological 
fields on days of selected aircraft flights. Only those days where 
flight tracks extended over a large portion of the western United States 
were considered. These days were more suited for the purpose since the 
ranges of values of the synoptic parameters were greatest along the 
longer tracks. Moreover, these days provided more encounters of CAT 
for given synoptic conditions. The forecast procedure developed, there- 
fore, considers this greater range of values as well as greater geograph- 
ical domain. A flow chart of the computer program is given in Appendix C 

Thirty-six days on which extensive aircraft flight tracks were 
available were selected. Of these, 6 flights occurred in the winter 
months; 16 in the spring months; 3 in the summer months; and 11 in the 
autumn months. Most of the flight tracks extended over California, 
Nevada, Idaho, Utah, and Arizona. 

The necessary fields of parameters for these flight days were 
determined, and results of all three techniques at each grid point were 
produced for each flight day. An example of the grid map is illustrated 
in Fig. 23. The numerical results correspond to the technique 
identified in the legend in the lower portion of the figure. 

The maps with the numerical results were compared to the geograph- 
ical maps containing the areas and heights where the aircraft encountered 
CAT. As explained earlier, the results of the techniques are assumed 
to be related to the occurrence of CAT in the stratosphere. The 
comparison of the maps provided a method which determined, for each 
technique, those values of the numerical results associated with the 
occurrence and non-occurrence of CAT. 

It was found that CAT areas were generally associated with a 
value of the curvature greater than or equal to -1.0 x 10”^m“^, and 
non-CAT areas with smaller values. Areas where 7 or more of the signi- 
ficant parameters, selected by statistical analysis, had critical values 
were generally associated with CAT, and 5 or less with non-CAT conditions 
The areas of the map where only 6 parameters had critical values were 
considered to be grey areas or areas where there were equal probabilities 
of the aircraft encountering CAT or no CAT. The areas of the map where 
3 of 5 discriminant functions in 3 or more layers exceeded zero generally 
corresponded to CAT, and the remaining areas to non-CAT. The critical 
values for each technique are summzarized in Table 12. 

For most of the days employed, each technique identified the CAT 
and non-CAT areas reasonably well. However, at some grid points, the 
forecasts resulting from the techniques did not agree. Therefore, 
a procedure for combining the techniques to give the best results was 
required. 
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The procedure for combining the three techniques was based upon 
a consensus of the results of the three techniques at each grid 
point. Generally, a CAT forecast resulted when 2 or 3 techniques 
said "yes," and a no-CAT forecast resulted when 2 or 3 said "no." 
However, if the statistical forecast technique identified a grid point 
to be in a grey zone,* the forecast resulting from the procedure was 
considered the same as that given by the technique involving the 
analysis of the curvature term. This procedure was followed because 
the curvature technique appeared to provide slightly better results 
than those for the tither two techniques. This caused the forecasting 
procedure to weight the curvature technique slightly more than the 
others. Examples of CAT forecasts resulting from various combinations 
of the three techniques are given in Table 13. 
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Fig. 23. Results of the three forecasting techniques. 
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Table 12, Critical values that distinguish between CAT and non-CAT 
for each technique. 


Technique 

Values for CAT 

Values for non- CAT 

Statistical 

Analysis 

S 7 

s 5 

Discriminant 

Function 

Analysis 

s 3 

^ 2 

Curvature 

Analysis 

s -1.0 X 16‘V^ 

< -1.0 X 10"V^ 


Table 13. Examples of forecasts from various combinations of the 


three -techniques. 


. . 


VALUES 



Statistical 

Analysis 

Discriminant 

Function 

Analysis 

Curvature 

Analysis 

Forecast 

S 5 

^ 3 

^ -1.0 X 10 ^m"^ 

CAT 

6 

s 3 

s -1.0 

CAT 

6 

< 3 

s -1.0 

CAT 

s 7 

s 3 

s -1.0 

CAT 

s 7 

< 3 

a -1.0 

CAT 

^ 7 

s 3 

< -1.0 

CAT 

<; 5 

< 3 

t 

o 

H 

non- CAT 

^ 5 

< 3 

< -1.0 

non- CAT 

5 5 

S 3 

< -1.0 

non-CAT 

6 

< 3 

< -1.0 

non- CAT 

6 

s 3 

< -1.0 

non- CAT 

S 7 

< 3 

< -1.0 

non- CAT 
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In certain instances, the forecasting procedure weighted the 
results of one technique more than the others. Certain extreme 
numerical values were defined for each technique. These extremes 
are listed in Table 14. If the numerical result of one technique 
reached an extreme value, the forecast was based on that technique 
only. If the numerical results for two or more techniques reached 
extreme values, and the suggestions from those techniques did not 
agree, the forecast neglected the extreme values and was determined 
in the manner discussed above. 


C. VERIFICATION PROCEDURE 


Two turbulence data samples were employed to test the forecasting 
procedure. The first sample was composed of CAT and non-CAT data from 
23 XB-70 flight days, and the second sample was composed of 10 XB-70 
flight days and 3 YF-12A flight days. The verification rates of 
the two samples were later compared. These samples were selected 
for use in verification because the aircraft tracks were extensive. 

The extensive flights enabled large areas of CAT and non-CAT 
occurring on the same day to be identified. The data for all the 
days were included in the development of the combined forecasting 
me thod . 


Table 14. Extreme values of the numerical results from the three 
techniques . 





Technique 

Extreme values 

Extreme values 


associated with 

associated with 


CAT 

non- CAT 

Statistical 

Analysis 

s 12 

s 3 

Discriminant 

Function 

Analysis 

5 

0 

Curvature _ _ 

Analysis 

s 4.5 X 10“ 

^-4.5 X 10 m 
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The verification procedure began by determining, for each day, 
the total distance the aircraft encountered CAT and the total distance 
the aircraft experienced smooth flight. The total distance the air- 
craft flew through CAT was determined by summing the distances of 
all the CAT encounters.. The total distance of non-CAT was estimated 
from the flight tracks. The non-CAT portions and the CAT encounters 
were separated by a distance of at least 150 km. This was done in 
consideration of the resolution of the S3moptic data employed. 


The CAT forecast maps were then compared to the flight track 
maps containing CAT encounters. The distances of CAT and non-CAT 
encounters and those forecasted were determined for each day. For 
both samples, the verification rates of the forecasting procedure 
were determined by the ratios of the summation of the distances of 


all the verified CAT encounters 




and the summation of the 


distances of all' the verified non-CAT portions ^S(NT^)^each divided 


by the summation of the distance of the actual CAT encounters 

(S T^) and non-CAT portions ^S(NT) A , respectively. In equation form: 


CAT Verification Percentage 


Non-CAT Verification Percentage 


S(Tv^i 

i(T)~ 

1 

S(NTv)i 

S(NT)i 


(16) 

(17) 


The results are presented in the following section. 

In addition, the verification percentages were determined for the 
forecasting procedure for each of the five, 2.1-km (7000-ft) thick sub- 
layers of the stratosphere. These rates would indicate the sub-layer 
where the forecasting procedure most accurately predicted the occurrence 
of CAT. 

The CAT encounters were categorized into groups determined by the 
altitude of the aircraft at the time CAT was encountered. The CAT 
verification rates were then determined for each sub- layer from the 
CAT encounters in that particular sub-layer and Eq. 16. The results 
are discussed in the following section. 

This verification procedure was not performed for the non-CAT 
portions of the flight tracks, due to the definition of the non-CAT 
portions. According to the definition established, non-CAT portions 
were portions of the flight track where the aircraft did not encounter 
CAT within a distance of approximately 150 km. The non-CAT sample 
sizes in some of the sub-layers were insufficient since, in most 
cases, the aircraft did not fly through the lowest sub- layers for 
long distances. 
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D. RESULTS 


The verification rates for the CAT and non-CAT areas of the 
first sample (comprised 'of 23 XB-70 flight tracks) are presented in 
Table 15. Those for the second sample (comprised of 10 XB-70 and 
3 YF-12A flight tracks) are presented in Table 16. In addition, the 
CAT and non-CAT verification percentages are presented for each day. 

In the .first sample, 3910 km of CAT was encountered, 3120 km of 
which was correctly forecasted. The aircraft experienced smooth 
flights totaling approximately 25,600 km, 15,050 km of which was 
correctly forecasted. In the second sample, 2900 km of CAT was 
encountered and 2290 km were forecasted correctly. The aircraft 
experienced smooth flights totaling approximately 17,000 km in this 
sample and 7825 km were forecasted correctly. 

When the non-CAT portions above 18.3 km (60,000 ft) were not 
considered, the non-CAT verification rates for both samples were 
improved. The improved non-CAT verification rates for the two samples 
are presented in Tables 17 and 18. The verification percentages 
increased by 7.5% and 9.17„ for the first and second samples, respectively. 
This improvement in the non-CAT verification rate may have resulted 
from Inadequate data above 18.3 km, or CAT patches were not encountered 
even though they existed, or CAT existed at altitudes below 18.3 km. 

The CAT verification percentages for the five, 2.1-km (7000-ft) 
thick sub- layers of the larger sample are presented in Table 19. Most 
of the CAT encountered occurred in the 15.2-17.4-km (50, 000-57, 000-ft) 
and the 16.8-18.9-km (55, 000-62, 000-ft) sub- layers. The CAT verifica- 
tion percentages for these two sub-layers (91.97o and 82.7%,, respectively) 
were higher than those for the remaining sub-layers. The lowest CAT 
verification percentage resulted for the lowest sub-layer (12 . 2-14. 3-km 
or 40, 000-47, 000-ft sub-layer), which contained the least CAT (see 
Table 19), and is also more subject to variation between the strato- 
sphere and troposphere. 
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•Table 15. Verification rates of the forecasting procedure for the first sample of 23 flight tracks. 


Date 

no. of turbulent 
km correctly 
forecasted 

total no. 
of turbulent 
km 

no. of non-turb. 
km correctly 
forecasted 

total no. 
of non-turb. 
km 

March 4, 1965 

52.6 

209.5 

0.0 

0.0 

April 20, 1965 

296.2 

306.6 

0.0 

0.0, 

April 28, 1965 

0.0 

14.0 

1550.0 

1550.0 

May 7, 1965 

170.9 

170.9 

0.0 

0.0 

June 16, 1965 

93.4 

177.5 

100.0 

250.0 

July 1, 1965 

0.0 

17 0, 

650.0 

1850.0 . 

July 27, 1965 

0.0 

4.1 

2250.0 

2250.0 

September 22, 1965 

33.0 

129.0 

100.0 

450.0 

October 14, 1965 

23.7 

42.6 

1200.0 

1500.0 

October 16, 1965 

194.5 

194,5 

500,0 

1100.0 

October 26, 1965 

0.0 

1.7 

1350.0 

1900.0 

November 2, 1965 

0.0 

28.8 

1500.0 

1500.0 

November 30, 1965 

0.0 

3.7 

700,0 

1700.0 

December 1, 1965 

14.4 

14.4 

950.0 

1900.0 

December 2, 1965 

94.5 

116.6 

500.0 

550.0 

December 11, 1965 

15.0 

24.6 

1250.0 

1800,0 

January 3, 1966 

374.6 

489.6 

0.0 

750.0 

January 12, 1966 

205.0 

205.0 

100.0 

850.0 

February 9, 1966 

171.2 

171.2 

1400.0 

1750.0 

March 10, 1966 

39.8 

151.5 

300.0 

750.0 

March 15, 1966 

425.3 

467.7 

550.0 

1200.0 

March 17, 1966 

254.7 

257.1 

100.0 

750.0 

March 19, 1966 

662.0 

712.7 

0.0 

1100.0 

Totals 

3120.8 

3910.3 

15,050.0 

25,600.0 

% correctly fori 

icasted 79. 

8% 

58. 
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Table 16. Verification rates of the forecasting procedure for the second sample of 13 flight tracks 


Date 

no. of turbulent 
km correctly 
forecasted 

total no. 
of turbulent 
km 

no. of non-turb, 
km correctly 
forecasted 

total no. 
of non-turb. 
km 

March 24, 1966 

0.0 

104.1 

1000.0 

1000.0 

March 31, 1966 

• 68.0 

117.4 

1275.0 

2250.0 

April 4, 1966 

79.6 

96.5 

850.0 

' 2200.0 

April 5, 1966 

18.7 

41.9 

700.0 

1200.0 

April 8, 1966 

37.0 

139.5 

600.0 

1050.0 

April 12, 1966 

326.1 

339.8 

50.0 

1000.0 

April 13, 1966 

14.5 

185.0 

425.0 

1150.0 

April 26, 1966 

1105.5 

1105.5 

350.0 

500.0 

October 11, 1967 

112.6 

203.7 

325.0 

325.0 

November 2, 1967 

200.8 

200.8 

0.0 

1025.0 

March 26, 1970 

317.3 

317.3 

0.0 

150.0 

May 7, 1970 

8.4 

8.4 

800.0 

2975.0 

May 27, 1970 

0.0 

39.7 

950.0 

950.0 

Totals 

2288.5 

2899.6 

7325.0 

15,775.0 

7o correctly forecasted 78 

.9X 

46.47o 














Table 17. Verification rates of the forecasting procedure for the non- 
CAT portions of the first sample excluding the non-CAT 
portions above 18.3 km (60,000 ft). 


— — ■_ . — ' ~:!:r — i 

Date 

no. of non- turbulent km. 

total no. of non-turb. 


18.3 km (60 k ft) or be- 

km, 18.3 km (60 k ft) 


low, correctly forecasted 

or below 

March 4, 1965 

0.0 

0.0 

April 20, 1965 

0,0 

0.0 

April 28, 1965 

1550,0 

1550.0 

May 4, 1965 

0.0 

0.0 

June 16, 1965 

0.0 

0.0 

July 1, 1965 

350.0 

750.0 

July 27, 1965 

950.0 

950.0 

September 22, 1965 

0.0 

0,0 

October 14, 1965 

250,0 

250.0 

October 16, 1965 

550.0 

1100.0 

October 26, 1965 

1350.0 

1900,0 

November 2, 1965 

1500.0 

1500.0 

November 30, 1965 

700.0 

1700,0 

December 1, 1965 

950.0 

1900.0 

December 2, 1965 

500.0 

550.0 

December 11, 1965 

300.0 

450.0 

January 3, 1966 

0.0 

0,0 

January 12, 1966 

0.0 

0.0 

February 9, 1966 

50.0 

450.0 

March 10, 1966 

150.0 

450.0 

March 15, 1966 

0.0 

0.0 

March 17, 1966 

0.0 

300.0 

March 19, 1966 

0.0 

0.0 

Totals 

9150.0 

13,800.0 

7o correctly forecasted 66.3% 
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Table 18, Verification rates of the forecasting procedure for the non- 
CAT portions of the second sample excluding the non-CAT 
portion above 18.3 km (60,000 ft). 



Date 

no. of non- turbulent km. 

total no. of non-turb. 


18.3 km (60 k ft) or be- 

km, 18.3 km (60 k ft) 


low, correctly forecasted 

or below 

March 24, 1966 

1000.0 

1000.0 

March 31, 1966 

200,0 

300,0 

April 4, 1966 

450,0 

550.0 

April 5, 1966 

700.0 

1200,0 

April 8, 1966 

300,0 

300,0 

April 12, 1966 

0.0 

300.0 

April 13, 1966 

425.0 

700,0 

April 26, 1966 

0.0 

150,0 

October 11, 1966 

325.0 

325.0 

November 2, 1970 

0.0 

375.0 

March 26, 1970 

0.0 

150.0 

May 7, 1970 

800.0 

2975.0 

May 27, 1970 

950.0 

950.0 

Totals 

5150.0 

9275.0 

7o correctly forecasted 55.57, 
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Table 19. CAT verification rates for the five, 2.1-km (7000-ft) thick sub-layers of the first sample 


Date 




Altitude layer 

(km) 






12.2- 

14.3 

13.7- 

L5.9 

15.2 

-17.4 

16.8 

-18.9 

18.3-20.4 

Mar 4 1965 

52.6 1 

187.1 

27.4 

1 68.0 

0.0 

1 0.0 

0.0 

1 0.0 

0.0 

0.0 

May 7 1965 

92.7 1 

92.7 

39.3 

1 39.3 

51.5 

51.5 

31.3 

1 31.3 

0.0 

0.0 

April 20 1965 

67.1 

•77.5 

62.8 

1 62.8 

131.1 

'l31.1 

107.5 

1 107.5 

0.0 

0.0 

April 28 1965 

0.0 1 

0.0 

0.0 

1 0.0 

0.0 

1 0.0 

0.0 

I 14.0 

0.0 

0.0 

June 16 1965 

12.3 1 

12.3 

7.1 

7.1 

42.2 

1 42.2 

31.1 

115.2 

38.9 

38.9 

July 1 1965 

0.0 1 

0.0 

0.0 

1 14.4 

0.0 

j 15.7 

0.0 

' 0.0 

0.0 

0.0 

July 27 1965 

0.0 1 

0.0 

0.0 

1 0.0 

0.0 

0.0 

0.0 

1 0.0 

0.0 

4.0 

Sept 22 1965 

0.0 

9.1 

0.0 

1 0.0 

0.0 

1 29.0 

33.0 

1 55.6 

33.0 1 

90.9 

Oct 14 1965 

0.0 1 

0.0 

0.0 

15.0 

23.7 

1 39.8 

0.0 

2.8 

0.0 1 

0.0 

Oct 16 1965 

24.0 1 

24.0 

54.1 

1 54.1 

103.6 

1 103.6 

107.1 

' 107.1 

0.0 

j 

0.0 

Oct 26 1965 

0.0 1 

1.7 

0.0 

1 

0.0 

0.0 

0.0 

1 0.0 

0.0 1 

0.0 

Nov 2 1965 

0.0 

0.0 

0.0 

1 2.2 

0.0 

1 25.6 

0.0 

1 26.6 

0,0 1 

0.0 

Nov 30 1965 

0.0 ' 

1.1 

0.0 

3.7 

0,0 

1 2.6 

0.0 

, 0.0 

0.0 1 

0,0 

Dec 1 1965 

2.8 1 

2.8 

5.2 

1 5.2 

0.0 

0.0 

6.4 

' 6.4 

0.0 

0.0 

Dec 2 1965 

0.0 1 

38.4 

82.9 

1 94.8 

18.3 

I 25.9 

2.0 

1 12.2 

0.0 1 

0.0 

Dec 11 1965 

0.0 1 

4.8 

0.0 


0.0 

1 0.0 

0.0 

1 4.8 

13,1 1 

13.1 

Jan 3 1966 

0.0 

0.0 

56.5 

1 

1 56.5 

40.4 

40.4 

252.6 

' 367.6 

155.5 . 

180.5 

Jan 12 1966 

43.7 1 

43.7 

4.1 

1 

43.2 

1 43.2 

5.9 

1 5.9 

67.2 1 

67.2 

Feb 9 1966 

29.1 1 

29.1 

73.4 

1 73.4 

97.8 

1 97.8 

92.5 

1 92.5 

0.0 1 

0.0 

Mar 3 1966 

18.9 

20.9 

0.0 

14.3 

0.0 

12.4 

9.4 

20,1 

j 

20.9 

107.6 

Mar 15 1966 

40.1 ' 

40.1 

0.0 


139.7 

1 139.7 

223.0 

' 223.0 

102.8 1 

145.2 

Mar 17 1966 

0,0 1 

0.0 

0.0 


9.6 

1 9.6 

38.9 

1 38.9 

210.8 1 

214.9 

Mar 19 1966 

0.0 1 

0.0 

0.0 

1 0.0 

530.1 

1 530.1 

449.9 

1 449.9 

97.4 1 

97,4 

Totals 

383.3 

585.2 

412.8 

518.5 

1231.2 

1340.2 

1390.6 

1681.4 

739.6 

959.8 

% verified 

65 . 97, 

79 

.67, 

91 

.97. 

82 

.77, 

77 

.17. 






CHAPTER VII. SUMMARY AND COMMENTS 


The ultimate objective of this research was the development of a 
method for forecasting clear air turbulence (CAT) over the mountainous 
regions of the western United States at altitudes of 12-20 km. The 
only meteorological data available for these altitudes were rawinsonde 
soundings taken by the National Weather Service at 0000 GMT and 1200 
GMT daily. These data were taken from the teletype records and trans- 
mitted by the National%eather Service and stored in the Texas A6M 
University Meteorological Archives. 

Information regarding regions of turbulence used in the research 
was taken from 46 XB-70 and 22 YF-12A flights. Each of these flights 
originated and terminated at Edwards Air Force Base, California, and 
most flights covered quite a large area. Turbulence encounters were 
recorded on VGH recorders from which the horizontal dimensions, maximum 
vertical accelerations, and the number of the turbulence patches could 
be determined. From this information turbulent and non-turbulent regions 
were specified which had horizontal dimensions of approximately 200 km 
for each flight. Each turbulent region usually consisted of a number of 
turbulent patches while each non-turbulent region was free of turbulence. 
There were 94 turbulent and 78 non-turbulent regions defined for the 
XB-70 data, and 22 turbulent and 18 non-turbulent regions defined for the 
YF-12A data. These data and the rawinsonde soundings constituted the 
principal data source for this research. 

Synoptic charts were prepared from the rawinsonde data for the 100- , 

200- , and 300-mb levels at 0000 and 1200 GMT on each flight day and 
analyzed in the usual manner. A square grid with grid points spaced at 
approximately 158 km was superimposed on the synoptic charts and values 
of height and temperature extracted from the 200- and 300-mb levels, 
and temperature and wind data from the 100-mb level. These parameters 
form the basic meteorological data which were used to calculate all 
parameters considered in the study. A total of 69 parameters classified 
as measured, derived, or time rate -of -change was used in the research. 

The measured parameters consisted of wind, temperature, and height; 
the derived parameters included such items as vorticity and advection, and 
the time rate -of -change was computed for all measured and derived para- 
meters. Empirical probability distributions were then computed for each 
parameter associated with the turbulent and non-turbulent regions. The 
distributions were then analyzed by inspection and limits noted where 
the distributions differed in a systematic way and included at least 10% 
or more of the total number of observations. The ranges thus established 
were used to compute conditional probabilities, and to relate parameters 
and combinations of parameters to regions of CAT and non-CAT. 

The meteorological parameters discussed above and associated with 
regions of CAT and non-CAT were used in a discriminant function analysis 
to relate CAT and non-CAT areas to meteorological parameters. The atmosphere 
was divided into 2.1-km (7000-ft) layers between 12.2 and 20.4 km (40,000 
and 67,000 ft) altitude and discriminant functions prepared for each layer. 

A large number of discriminant functions were prepared, and the five best for 
each layer were chosen and used in combination in the development of the 
forecasting procedure. This technique differentiated between CAT and 
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non-CAT areas for approximately 80% of the regions and indicates some 
possibility for distinguishing probable areas of CAT as a function 
of altitude. 

It is well established that CAT is associated with well-developed 
mountain waves. Conditi 9 ns favorable for mountain waves were specified 
and changes in the Scorer parameter with altitude were related to the 
turbulent and non- turbulent areas. This method gave results comparable 
to the discriminant function method and the statistical method in that 
it distinguished between turbulent and non-turbulent regions for 
approximately 807. of the cases. 

The three methods described above, i.e., empirical probability 
distributions, discriminant function analysis, and mountain-wave 
theory were combined to form a CAT forecasting procedure. This procedure 
utilizes all three methods, and a CAT and non-CAT forecast is based upon 
the agreement of at least two of the methods, or when one gives a strong 
indication of the presence or absence of CAT and the others show no 
clear distinction. The percentage verification for the CAT and non-CAT 
areas for this combined procedure was approximately the same as the 
verifications for the individual method; however, it is believed that 
the statistical confidence of this forecast is far superior to the 
methods considered individually. With the limited amount of data 
available it was not possible to perform an adequate and independent 
evaluation of the techniques. The methods were checked from sub-samples 
of data drawn from the data available, and the results for individual 
days appear to confirm the conclusions reached from the total sample. 
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APPENDIX A 


Computer Program for the Computation of Synoptic Meteorological Parameters 


Most of the flight altitudes for the 46 XB-70 flights considered in 
this report were between the 300- and 100-mb levels. Synoptic charts were 
analyzed for the 300-, 200-, and 100-mb constant-pressure surfaces in the 
usual manner and data obtained from the analyzed charts or by interpolation 
for each grid point. 

The computer program presented here was used to compute the following 
parameters at each grid point shown in Fig. 1 in the text. 

1. Richardson number (Ri) 

2. Horizontal wind shear (5Vji/Sn) 

3. Lapse rate of temperature ($T/3 z) 

4. Advection of relative vorticity (-V-V£) 

5. Advection of temperature (-V-VT) 

6. Temperature (T) 

7. CAT Index (I) 

8. Zonal wind component (u) 

9. Meridional wind component (v) 

10. Scalar wind speed (V) 

11. Relative vorticity (£) 

12. Absolute vorticity (T]) 

13. Product (Pv) 

14. Contour heights (H) (200 and 300 mb only) 

15. Vertical vector wind shear (9v/&z) 

16. Advection of absolute vorticity (-V-V(£ + f)) 

17. Time rate-of-change of each of the above parameters over the 
12-hr period encompassing each flight. 

In addition to the parameters listed above, the horizontal gradient of 
temperature on each constant-pressure surface also was computed; however, 
the computation of this parameter was accomplished separately and is not 
included in the computer program. 
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For those familiar with FORTRAN programming, it is not difficult to 
follow the procedures employed in the computations. Each of the above 
items is referred to as an equation in the computer program and each 
equation is referred to in the coding. The finite-difference equations 
will not be presented for each parameter, however, the following example 
will be given. 

Consider the advection ot temperature (-V-VT) referred to as Eq. 5 
in the computer program. By definition of a vector dot product 


-V-Vt 


3x 



(A-1) 


where u and v are the zonal (W-E) and meridional (S-N) wind components, 
respectively, and x and y are the orthogonal horizontal coordinates with x 
positive toward the east and y positive toward the north. Assuming u and 
V as components of the geostrophic wind (this assumption was made for the 
200- and 300-mb levels but not for the 100-mb level where the wind 
components were taken from analyzed charts), Eq. A-1 may be written 


-V-VT 


a M ^ . a M 

f §y 3x f 3x 5)y 


(A-2) 


where H represents the geopotential height of the constant- pressure sur- 
face, g is the acceleration due to gravity, and f is the coriolis parameter. 
Equation A-2 written in finite-difference form, where the finite differ- 
ences are over an interval of 2Ax (Ax is the distance between points in 
Fig. 1 (see text) in either the x- or y-direction) , becomes 

(A- 3) 


-V-VT = 


4f(Ax)^ 


(H. . ,)(T._^, ,-T. , .)-l-(H.., ,-H. , ,)(T. ..,-T, , , ), 

i,j-H i,j-l^^ 1+1, J i-l>J 1+1. J 1-1. J i.J+1 i.J-1 


The computed value of advection is associated with the mid-point of the 
array of points used in Eq. A-3. The subscripts i and j refer to points 
in the array shown in Fig. 1 with i beginning with one in the lower left- 
hand corner and increasing toward the right (along the x-axis), and j 
beginning with one at the same place and increasing toward the top of the 
figure (along the y-axis). 
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COMPUTER PROGRAM 


C 100. 200 6 300 MBS. PROGRAMS COMBINeO TO COMPUTF PARTIAL OF A PARAMATER 
C vIITH RFSPFCT TO TIME. 

C TEXAS ACM UNIVERSITY ... METFOROLOGV DEPT. ... DAVID LINE/PRORAMMER 

C N.B. LAST CARO OF DATA DECK MUST HAVE AN ASTIK IN COLUMN 2 

C 

C THE 

C EQ. 

C EO. 

C EO. 

C EQ. 

C EO. 

C EO. 

C • EO. 

C EO. 

C EO. 

C EQ. 

C EO. 

C EQ. 

C EQ. 

C EQ. 

C EO. 

C EO. 

C 

C ..DIMENSION STATEMENTS .. 

REAL 




Rim, 111 


Ripm.ii) 

VNldltll) 

f 

VNlPdl ,11) 


f 

VN2( 11,111 


VN2P<11,1U 

VN3(ll,ll) 


VN3Pdl.,ll) 


» 

TZ( 11 ,11 1 

f 

Tzpm.ii) 

AZldl.il) 


AZlPdl,ll) 


ff 

AZ2(U,11I 


AZ2PIll,ll) 

AZ3dl,ll) 


AZ3Pdl ,111 


« 

ATKll.ll) 


ATIPI 11,11) 

AT2dl,ll) 


AT2Pdl,ll) 

REAL 


AT3(U ,11) 


AT3PI11,11) 

Tldl ,11) 

t 

TlPdl.ll) 


f 

T2( 11 ,111 


T2PI 11,11 ) 

T3( 11,11) 


T3P(11,11) 


f 

IX( 11,11) 


IXPIU.ll) 

Uldl.ll) 


UlPdl.U) 


» 

U2(ll,ll) 

» 

U2Pm,ll ) 

U3dl,ll) 

9 

U3Pm,U ) 


t 

Vllll.ll) 

f 

V1P( 11,11) 

V2dl,ll) 

9 

V2P(11,11) 

REAL 


V3(ll,ll) 


V3P(ll,ll) 

VSldl.ll) 

9 

VSlPdl.U) 


f 

VS2(ll,in 


vs 2 pm,ii) 

VS3dl,ll) 


VS3P(11.11) 


9 

ZETAKU.m 

9 

ZETAlPdl ,11) 

ZETA2dl,ll) 

9 

ZETA2P< 11,11) 


9 

ZETA3(11,11) 

t 

ZETA3P(11 ,11) 

ETAldl.ll) 

9 

ETAlPdl.ll) 


9 

ETA2(11,11) 

t 

ETA2Pm,ll) 

ETA3(11,11) 

9 

ETA3Pdl,ll) 

REAL 








• 


BVKll.ll) 

f 

BVlPUl.il) 

BV2dl,ll) 

9 

BV2Pdl ,11) 

• 

9 

8V3< 11,11) 

9 

BV3Pt 11,11 ) 

H2dl,ll) 

9 

H2PI 11,11) 

« 

9 

H3(ll,ll) 

9 

H3P(11,11) 

VZdl ,11) 

f 

VZPdl.ll) 

• 

9 

EKll.ll) 

9 

E1P(11,11) 

E2(ll,ll) 

9 

E2Pdl,ll) 

• 

9 

E3(ll,ll) 

9 

E3P(11,11) 

OZdl.ll) 

9 

UV2( 11,11) 


EQUATIONS USED IN THIS PROGRAM AS THEY ARE NUMBERED 


01 

RICHARDSON NUMBER (RI) 



02 

HORIZONTAL hINO SHEAR (DV/DN) 



03 

PARTIAL OF TEMPERATURE WITH RESPECT 

TO HEIGHT (TZ) 

OA 

AOVECTION OF RELATIVE VORTICITY 

I-V 

.NABLAIZETA)) 

05 

AOVECTION OF TEMPERATURE <-V .NABLA 

Tl 

06 

TEMPERATURE 


• 

OT 

CAT INOEX UX) 



06 

ZONAL WIND COMPONENT «U) 



09 

MERIDIONAL HiNO COMPONENT (V) 



10 

SCALAR WIND SPEED ( |V| ) 



11 

RELATIVE VORTICITY IZETA) 



12 

ABSOLUTE VORTICITY (ETA) 



13 

PRODUCT BV 



lA 

CONTOUR HEIGHTS 1200 6 300 MBS, 

ONLY) 

15 

VERTICAL WIND SHEAR IDV/OZ) 



16 

AOVECTION OF UETA+F) 
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o o o n o 


REAL 

. AUX(U,11 i . AUX1(11«1!.I > F(ll» 

INTEGER 

. LABEL(7,40! , LA8ELP<7,401 , NAMEU26J 

t NAME 3 (26 1 , NAMEA(26» , KAUX( lltll) 

DATA ASTRIK /•*' •/ 

COMMON AUXl 
CONSTANTS 

IE - 11 
JE = U 
IS = IE - 1 
JS * JE - 1 
B39 = 1.78E-11 
DX » 1.6272E05 
F35 = 0.835E-04 
G = 9.80616 
CDX = l.O/(<i.O*OX1>OXI 
CDXl = 1.0/(2.0*DX) 

KOtJNT = 0 

100 CONTINUE 

KOUNT » KOUNT * I 
IF(K0UNT.GT,2) KOUNT = 1 

.. READ ALL DATA AT ONE REFERENCE TIME .. 
IFtKOUNT.FO.ll time REFERENCE = 00 

IF(K0UNT.E0.2I time REFERENCE = *12 

— 100 MB. LEVEL — 

101 READ(5ilOI INDEX, { L AB EL ( 1 , 1 1 , I =1 , 401 

10 F0RMAT(11,40A1I 

IF(LABEL(1,1I.E0.ASTPIKI go to 9999 
CALL REAOX(KAUX,IE,JEI , 

DO 105 J = 1, JE 

DO 105 I = 1, IE 
105 KAUXn , Jl <= -KAUXd ,J» 

CALL SM00TH(KAUX,T1, lEfJE) 

WRITE(6,ni INDEX, ( LABEL ( I , I) , I =1 , 40) 

11 F0PMAT(/1H1,I1,7X,40AI/// ) 

CALL PR1NT(T1,AUX,IE,JEI 
REA0(5,10) INDEX, ( LABEL ( 2 , I) , I =1 , 40 ) 

CALL READX(KAUX,1E,JEI 
CALL SMOnTH(KAUX,Ul,IE,JF> 

V,RITF(6,11) INDEX, {LABEL(2,n,I=l,40) 

PFA0(5,10I INDEX, ( L AB EL ( 9 , 1) , I =1 , 40) 

CALL HEADX(KAUX,IE,JE) 

CALL SM00TH(KAUX,V1 , IE , JF ) 
on no I = I, IE 

DO no J = 1, JE 
U1 ( I , J) = UM 1 , J)/1.94254 


, NAME2I26) 
, ASTRIK 
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no VIII.J) = V1II,J)/1,9A254 

CALL PR1NT(U1,AUX,IE,JE) 

WRITE(6,UI INDEX, I LABEL! 3 , U , I =1 , 40 ) 

CALL PRINT(V1,AUX,IE,JE» 

C 

C — 200 MB. LEVEL- 

C 

PEA0(5,10I INDEX, ( LAB EL( 4 , li . I , 40 1 
CALL REAOXI KAUX, IE,JE> 

CALL SMQ0TH(KAUX,H2,IE,JEI 
CALL SM00(H2,AUX,IE, JE) 

WRITE(6,12) INDEX, ( LAB ELI 4 , 1 » , I =1 , 40 ) 

CALL PRINT(H2,AUX,IE,JE» 

X2 FQRMAT(/1H1,I1,7X,40A1,5X,* HEIGHT GIVEN IN TENS OF METERS*///) 
READ(5,X0) INDEX, ( LAB EL ( 5 , 1) , 1 =1 , 40) 

CALL RFADX(KAUX,IE,JE) 

00 115 1 = 1, IE 

DO 115 J = 1, JE 
115 KAUX(I,JI =-KAUX(I,J) 

CALL SM00TH(KAUX,T2,IE,JE) 

WRITE(6,11) INDEX, ( L ABEL < 5 , II . I =>1 ,40 ) 

CALL PRINT(T2,AUX,IE, JE) 

C 

C — 300 MB. LEVEL 
C 

REA0(5,10) INDEX, I LABEL i 6, 1 ), 1=1 ,40) 

CALL READX(KAUX,IE,JE) 

CALL SM00TH(KAUX,H3, !E,JE) 

CALL SM00(H3,AUX,IE,JEI 

hRITE(6,\2) INDEX, ( L ABEL (6 ,I ) , 1=1 ,40) 

CALL PRINT(H3,AUX, IE, JE) 

RFA0(5,!0I index, (LABEL(7,1) ,1=1,40) 

CALL PEADXIKAUX, IE,JE) 

DO 120 I = 1, IE 

00 120 J = 1, JE 
120 KAOXd.J) =-KAUX(I,J) 

CALL SMOOTH(KAUX,T3,ie,JE) 

WRITE(6,11) INDEX, ( LA8EL(7, I ) , 1=1, 40 ) 

CALL PRINT{T3,AUX, IE, JE) 

C 

r 

COMPUTATION OF THE FIELDS 

C 

C 

DO 125 J = 2, JS 

125 F<J) = F35 ♦ B39*(FL0AT( J-1) * DX) 

C 

c --100 MB. level- 
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c 


150 C - l.0/(2,0 * DX ) 

DO 200 J « 2, JS 

DO'200 I = 2. IS 

TX = Tl(I+l,J> - T1(I-J,J» 

TV = Tl(l,J + U - TJ.n,J-H 

VX = VKI+l, jr - VI 

UY = UltI.J + 1) - UK!fJ-U 


ATKI.JI = C * (-U1(I.J»*TX - V1U,J)*TY» EQ. 5 

ZETAKIfJ) = C * (VX - UY> EQ. U 

ETAKI.JI = ZETAKI.JI ♦ F(JI EQ. 12 

BVKI.J) = B39 ♦ VKI.J) EQ. 13 

200 VSin.J) = SQRKUl (I t J»**2 ♦ VKI.JI'Ol'E) EQ. 10 


CALL EXTRAP(VS1,1E,JE» 

CALL EXTRAP( BVl.IE.JE ) 

CALL EXTRAP(ETAl,IEt JE» 

CALL EXTRAP(2ETA1,!E,JEI 
CALL EXTRAP(AT1,IE,JEI 
on 250 J = 2. JS 

DO 250 I = ?, IS 

ETAX = ETAl(I+l,J) - £TAl(I-l,JI 
ETAY = ETAUI,J + n - ETAKI.J-1) 

ZETAX = ZFTAin+l,JI - ZETAlU-ltJ) 

ZETAY = 2ETA1(I,J+1) - ZETAJ(I.J-1> 

VX = VSKUl.J) - VS1(I-X,J) 

VY = VS’(I,J + 1) - VSMI,J-n 

EKl.J) = C ♦( -UK I ,J»*ETAX - V1(I,J»*ETAY) EQ. 16 

AZKI.Jl = C ♦ (-UiU . J»*ZETAX - Vl(r»J»*ZETAYJ EQ. 4 

250 VNKl.J) = C * IVUI.J»*VX - Ul (I. J)*VYt/VSl(I tJ) EQ. 2 

CALL EXTRAPIEl I IE. JE ) 

CALL EXTRAPI AZl ,IE, JE). 

CALL EXTRAP(VNliIE.JE) 

DO 275 I = 1, 26 
275 NAMEl(I) = LABEL(1,I+14) 

WRITE(6,)7) NAME! 

17 FORMATCIAOVECTION FROM -VEC V.NABLA T* , 5X, 26A1// / I 
CALL PRINT( ATI .AUX.IE, JE ) 

WPITE(6,1B) NAMEl 

18 FORMAT! 'IZETA* ,5X,26A1///I 
CALL PRINTIZFTAl .AUX.IE, JEI 
hRITE(6.3.9) NA.mEI 

19 FORMATCIETA’ .5X.26A1///) 

CALL PRINTIETAl ,AUX, IE, JE) 

WRITE(6,20) NAMEl 

20 FORMAT! '18V .5X.26A) ///) 

CALL PRINTIBVI .AUX.IE, JE I 
WRITF(6,21) NAMEl 

21 FORMATCIVS rWiNO SC AL AR ' , 5X ,26A1 /// ) 


104 



u u u 


CALL PRINT(VSltAUX,IE. JE) 

WRITE(6,22) NAME! 

22 FORMATCIE tFROM -VEC V.NABLA ( 2ET A+F » • t 5X, 26A1/// ) 
CALL PRINT(E1 ,AUX,IE,JEJ 

WRITE(6,23) NAHEl 

23 FCIRMAK ' J.AZ ,FROM -\iEC V.NABLAJ ZETAJ • , 5X, 26AX/// I 
CALL PRINK AZl.AUX, IE, JE » 

WRITE(6,2A) NAMEl 

24 FORHATinVN , GRADI SPEED J , OV/DN* , 5X, 26A1 /// » 

CALL PRINT(VNX,AUX,IE,JEI 

— 200 MB LEVEL- 

DO 300 J = 2, JS 

C = G/(4.0*F(JI * 0X**2) * XO.O 

CX = G/IFI J )4DX**2) * XO.O 
C2 = B39 * G/(2.0*F( J»*OX)*XO.O 
C3 = G/(2.0»F(J 1*DX1*X0.0 
DO 300 I = 2, IS 
ZY = H2(I,JH) - H2(I,J-X) 

ZX = H2( I+X,J) - H2(I-X,J» 

TX = T2( I+X, J) - T2( I-X.Jl 
TY = T2( I , ) - T2( I , J-XI 


AT2tI,Jl = C * (-ZY*TX - ZX*TY> EQi 5 

ZETA2(I,J1 = Cl ♦ (H2(I+X,J) ♦ H2II-X,J) ♦ H2(I,J4^X) ♦ H2(I,J 
. -1) - 4.0 * H2( I , Jl ) EQ. XX 

ETA2(I,J» = ZFTA2(I,J) ♦ F(J) EQ. X2 

BV2( I, Jl = C2 ♦ ZX EO. X3 

U2( I ,JI =-C3 * ZY EO. 8 

V2(I,J1 = C3 * ZX EO. 09 

300 VS2<I,J1 = SORT! U2(I,Jl»*2 ♦ V2<I,J1**2) EO. XO 


CALL EXTRAP(VS2,IE,JE) 

CALL EXTRAPI AT2, lE.JE I 
CALL EXTRAPl ZETA2, IE ,JE) 

CALL EXTRAP(ETA2,IE, JEl 
CALL EXTRAPl BV2, IE, JE 1 
CALL EXTR AP(U2, IE, JE 1 
CALL EXTRAPl V2, IE, JE) 

349 DO 350 J = 2, JS 

C = G/I4.0 ♦ FIJI * DX*«2) * XO.O 
DO 350 I = 2, IS 
ZX = H2( I+1,J) - H2(I-X,J) 

ZY = H2( I,JtX) - H2(I,J-X) 

ETAX = ETA2(I+X,JI - ETA2(I-X,J) 
ETAY = ETA2(I,J+1) - ETA2(I,J-X) 
ZETAX = ZETA2(I+X,J) - ZETA2U-X,J) 
ZETAY = ZETA2(I,J+X) -ZETA2(X,J-XI 
VX = VS2(I+X,J) - VS2<I-X,J) 


105 



r> o o 


vy - vs2«i,j»ij - vs2«ifJ-i) 

E2(1,J» = C • ( ZV^ETAX - ZX*ETAY ) EQ. 16 

AZ21I,J) = c ♦ ( ZY»ZETAX - ZX*ZETAY I EO. 4 

VABS = SQRT( ZX**2 + ZY**2 » 

350 VN2«I,J) = ((ZX#VX ♦ ZY*VY»/VABS> ♦ CDXl EQ. 2 

CALL EXTPAP(VN2,IE,JEI 
CALL EXTP AP( E2, IE, JE I 
CALL EXTBAP(AZ2,IE,JFI 
370 DO 375 I =1, 26 
375 NAMElin = LABELI4, 1 + IA) 

WRITF(6,17) NAMEl 

CALL PRINT(AT2,AUX,IE,JE) 

hRITE(6,18» NA*<E1 

CALL PRINT(ZETA2,AUX,IE,JE> 

WRlTEI6,igj NAMEl 

CALL PRINT«ETA2,AUX, lE.JFI 

WRITFI5,20I NAMEl 

CALL PRINTIBV2,AUX,IE, JE ) 

WRITE<6,25) NAMEl 

25 FORMAT! nU BY GEOSTRQPHIC WIND FORMULA », 5X, 26 Al/// > 

CALL PRINT!U2,AUX,IE, JE» 

WR1TE(6,26) NAMEl 

26 FORMAT! 'IV BY GEQSTROPHIC WIND FORMULA *, 5X , 26A1/// ! 

CALL PRINT!V2,AUX,!E, JEl 

WRITE!6,2l) NAMEl 

CALL PRINT! VS2,AUX,IE, JE I 

WRITE!6,22) NAMEl 

CALL PRINT!E2,AUX, lE.JFl 

WRITF!6,23I NAMEl 

CALL PRINT!AZ2,AUX,1E, JEI 

WRITF!6,24» NAMEl 

CALL PRINT!VN2,AUX,IE, JEI 

— 300 MB. LEVEL- 

390 DO 400 J = 2, JS 

C = G/!4.0 ♦ F!JI *0X**2I • lO.O 

Cl = G/!F!J| ♦ DX**2I * 10,0 
C2 = 639 * G/!2.0 ♦ F!JI ♦ nxl * 10, 0 
C3 = G/I2.0*F! Jl*nxl * 10.0 
DO 400 I = 2, IS 
ZY = H3!I,J+1I - H3!I,J-1I 

ZX = H3! 1+1, Jl - H3!I-1,J) 

TX = T3! I+l.JI - T3!I-l,JI 

TY = T3! I , J + 1 I - T3! I ,J-l) 

AT3!I,JI = C * !-ZY*TX - ZX*TY) EQ. 5 

ZFTA3!1,J) = Cl * !H3!1+1,JI ♦ H3II-l,J) + H3!I,J+ll ♦ H3(I,J 

-11 - 4.0 * H3! I , Jl I EQ. U 


> 
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ETA3(I,JI = ZETA3U,J5 ♦ F(J) 

BV3( I , J ( = C2 * ZX 
U3< I . J) =-C3 * ZY 
V3( I , J) = C3 ♦ ZX 

AOO VS3(I,J) = SORT( U3(I,J)**2 + V3tI,J)**2 I 

CALL EXTF.AP<VS3, lE.JE) 

CALL FXTRAPC AT3,lE,dE) 

CALL EXTRAP(ZETA3,IE,JE» 

CALL EXTRAI>{FTA3,IE, JEJ 
CALL EXTRAP( BV3, IE,JE» 

CALL EXTRAP(U3t lEi JE ( 

CALL EXTP,AO{ V3, IE, JE ) 

449 00 450 J = 2, JS 

C = G/( 4.0 ♦ F(J) *DX**2 1 *10.0 
DO 450 I = 2, IS 
ZX = H3(I+l,JI - H3(I-I ,JI 
ZY = H3(I,J+l) - H3(I,J-U 
ETAX = ETA3(I*1,J) - ETA3(I-l,JJ 
ETAY = ETA3(I,J+1J - ETA3(I,J-1) 

ZETAX = ZETA3(I*1,J) - ZETA3(I-1,JI 
ZETAY = ZETA3(I,J + 1» - ZeTA3U,J-I) 

VX = VS3(I+1,J) - VS3(I-l,JI 
VY = VS3(I,J+1) - VS3<I,J-1) 

F3II,J) = C * (ZY*ETAX - ZX*ETAY» 

AZ3tI,J) = C * (ZY*ZETAX - ZX*ZETAY» 

VABS = SORT! ZX**2 + ZY**2 I 

450 VN3(I,J> = (( ZX*VX + ZY*VY)/VABS> * COXl 
CALL EXTRAP(VN3,IE,JE) 

CALL EXTRAPI E3, IE, JE ) 

CALL EXTRAP(AZ3, IE,JE» 

470 DO 475 I = 1, 26 

475 NAMEim = LABEL! 6 , 1 + 14 I 
WRITE(6,17) NAMEl 
CALL PRINT(AT3,AUX,IE,JE» 

WRITE(6,18) NAMEl 

CALL PRINT! ZETA3,AUX, IE, JEJ 

WRITEI6,19) NAMEl 

CALL PR1NT1ETA3,AUX,1E,JE) 

HRITE!6,20J NAMEl 
CALL PR1NT!BV3,AUX,IE,JEI 
WRITE!6,Z5» NAMEl 
CALL PRINT!U3,AUX, IE, JE) 

WR1TE16,26) NAMEl 
CALL PRINT!V3,AUX,IE,JE) 

WRITE!6,21) NAMEl 

CALL PRINT! VS3,AUX, IE, JE ) 

WR1TEI6,22) NAMEl 
CALL PRINT!E3,AUX,IE,JE) 


FQ. 12 
FO. 13 
EQ. B 
EQ. 9 
EQ. 10 


EQ. 16 
EQ. 4 

EQ. 2 


107 



o r> o , o o o 


WRITE(6,23) NAME! 

CALL PRINT(AZ3,AUX,IE,JEI 

WPITE(6,2A) NAPEl 

CALL PRIMT( VN3,AUX, IE, JEJ 

— 100 C 200 MB. LEVELS TOGETHER — 

499 DO 500 I = 1, IE 

DO 500 J = 1, JE 

DZn.JI = 20.3 ♦ UTKI.JI ♦ T2U.jn/2.0 ♦ 273.01 

TZ(I,J) = (T1(I,J» - T2n,J»)/0Z(I,J» EQ. 3 

UV2»1,J) = (UKI.JI - U2I!,J)H-*2 ♦ ( VII I ,J )-V2( I ,JH**2 

VZ(I.J) = SQRT(UV2( I. Jl )/0Z( I,JI EQ. 15 

RIII.J) = (9.B/I02(I,J»/20.3I)*ICTZ(!,J) ♦ 0 .00976 ) / »UV2I I , J » 

. /(0Z(I,Jl**2in EQ. I 

500 ixn.jj = yv2(i,j) ♦< 1.0 - 2 .o*riii,j)) eq. 7 

DO 525 I = I, 26 

NAMElin = LABEL! 1, I + 14I 
525 NAME2(II = LABEL!4,I+14) 

WRITEI6.271 NAMF1, NAHE2 

27 FORMAT! nOT/CZ DEG. C FL ./MXlOE-03* , 5X,26A1 , • £ *,26A1///I 

CALL PRINT!TZ,AUX,IE,JEI 

WRITE!6,28I NAMEl, NAHE2 

28 FORMAT! 'IDV/OZ SEC-l X lOF-03* , 3X,26A1 , • £ *,26A1/// ) 

CALL PRINT!VZ,AUX,IE, J£l 

WRIT£!6,29I NAMEl, NAME2 

29 FOPMAT!MRICHAPOSON NUMBER *, 3X,26A1 , • £ • ,26A1/// ) 

.. BOUND RICHARDSON NUMBER FIELD BY 99.0 

DO 535 I = I, IF 
DO 535 J = 1, JE 
AUXl! I,J> = RI!I,J1 

IF! ABSIAUXl 1 I,J) ).LT.99.0I GO TO 535 
IF!AUX1!I,JI.GT.0.01 AUXMI.JI =99.0 

IF!AUX1!I,JI.LT.O.O) AUXKI.J) « -99.0 

535 CONTINUE 

CALL PRINT!AUXl,AUX, ie,JE» 

WRITF!6,30) NAMFl, NAME2 

30 FORMAT!'lCAT I NOE X • , 3X , 26 AJ , • £ *,26A1 III ) 

CALL PSINTI1X,AUX,IE,JE) 

— TRANSFER OF STORAGE IF KOUNT = I — 

IF!K0UNT.FQ.2I GO TO 600 
549 DO 550 I = 1 , IF 
00 550 J = 1, Ji: 

RIP!I,J.) = ftI!T,J) 

VNIP! I,JI = VNl!I ,JI 
VN2P!I,J) = VN2!I,J) 


f 
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non 


VN3P<IfJ) = VN3(I,J» 

Tzp (I , j) = Tzn , Ji 
AZlPd.J) = AZMI.JI 
AZ2P( IiJ) = AZ2(1 ,J) 
AZ3P(I,J) = AZ3(I,J» 
ATlPd.J) =■ ATld.J) 
AT2P(I ,J) = AT2I I, J) 
AT3Pd,J) = AT3d,J» 
TlPd.J) = T1(1,J) 
T2Pd,J) = T2d,J» 
T3Pd,Jl = T3<I,J) 

IXP{ I,J) = IXd.J) 
UJPd.J) = UJ (I,J) 
U2Pd.J) U2d,JI 
U3Pd,JI = U3dfJI 
Vl Pd , J) = Vld ,J1 
V2Pd ,JI = V2d , J) 
V3Pd.J) = V3d,J) 
VSlPd.J) = VSld,J» 
VS2P<I,J) = VS2dfJ» 
VS3P(ItJI = VS3d,J» 
ZPTAlPd , JI = ZETAld ,J» 
ZFTA2Pd , JI = ZETA2C I ,JI 
ZETA3P< I , JI = ZETA3d t J) 
ETAlPd.JI = ETAld.J) 
ETA2Pd,Jl = ETAZdtJJ 
FTA3PdfJI = ETA3d,J» 
BVlPd.JI = BVldtJI 
BV2Pd,JI = BV2d,J) 
BV3PdfJI = BV3d,J) 



H2Pd.JI 

= 

H2d, JI 


H3P( If JI 

•= 

H3d,JI 


VZPd iJI 

= 

VZdfJI 


FlPd ,JI 

a 

EldfJI 


E2P( IiJI 

s 

E2(I .JI 

550 

E3P( ItJI 

= 

E3(IfJI 

555 

00 560 I 


1. 7 


DO 560 J 

a 

1. AO 

560 

LABELPd 

f J) 

= LABEL! I 


GO TO 100 

— COMPUTATION OF RATE OF CHANGE OF PARAMETERS' 


600 CONTINUE 
C — 100 MBS. — 

DO 610 I = 1, 26 
NAMEldl = LABEUPd.I + lAI 
610 NAME2III = LABEUl.dlA) 
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WRITE(6,40) NAME!, NAME2 

40 F0RMAT(»1D TEMP/OT • , 5X , 26A1 » • 6 *f26Al /// ! 

CALL OIFFJTI.TIPI 

CALL PRINTIAUXI. ,AUX,IE,JEJ 
WPITF(6,41) NAMEl, NAME2 

41 FORMATt'lO U/DT < , 5X , 26 A1 , • 6 • t26Al III » 

CALL DlFFtUlfUlP) 

CALL PRINT(AUX1,AUX,IE,JEJ 
WRITE<6,42» NAMEl, NAME2 

42 FORMATCID V/OT • , 5 X, 26 A 1 , • 6 • ,26A1 III ) 

CALL DIFFI Vl.VlPl 

CALL PRINKAUXl ,AUX, IE,JE» 

WR1TE(6,43J NAMEl, NAME2 

43 F0PMAT(«10 WIND SCAL AR /0T» , 5X ,26A1 , • 6 *,26A1 

CALL DIFF{VS1,VS1P1 

CALL PRINK AUXl ,AUX, !E,JE » 

WRITE (6, 44 1 NAMEl, NAME2 

44 FORMATCID BV/DT • , 5X , 26 A 1 , • £ • ,26A1 III) 

CALL 01FF(6V1,BV1P I 

CALL PRINT! AUXl ,AUX, IE ,JE ) 

WRITE(6,45) NAMEl, NAME2 

45 FORMATCID HORIZONTAL WIND SHEAR/DT • , 5X, 26 Al, • 
CALL DIFF(VN1,VN1PI 

CALL PRINT! AUXl ,AUX, IE, JE » 

WRITEI6,46) NAMEl, NAME2 
.46 FOPMATCID ZF TA /OT • , 5X , 26A1 , • £ '•,2641 III > 

CALL DIFF(ZETA1,ZETA1P| 

CALL PRINTIAUXI, AUX, IE, JEI 
WR1TF(6,47) NAMEl, NAME2 

47 FORMATCl D ETA /DT • , 5X , 26 A 1 , » £ «,26A1 III » 

CALL 0IFF(ETA1,ETA1P I . 

CALL PRINT! AUXl, AUX, IE, JE» 

WRITE!6,48) NAMEl, NAME2 

48 FORMAT! *10 ADVECTION OF ZET A/OT* ,5X,26Al , • £ 

CALL 0IFF!AZ1,AZ1P> 

CALL PRINTIAUXI, AUX, IE, JEI 
WRITE!6,49I NAMEl, NAME2 

49 FORMATI'IO ADVECTION OF ETA/OT* , 5X,26A1 , • £ • 

CALL C1FF!F1,EIPI 

call PRINT! AUXl, AUX, IE, JEI 
WRITE!6,50) NAMFl, NAME2 

50 FORMATI'ID ADVECTION OF TEMP. /OT • ,5X , 26A1, • £ 

CALL OIFFIATI.ATIPI 

call PRINTIAUXI , AUX, IE, JEt 

— 200 MBS. — 

DO 620 1=1,26 


/// ) 

£ *,26A1 /// » 

•,26A1 III) 

,26A1 III) 

•,26A1 /// » 
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o o n 


NAMEXm = LABFLP(4, I + 14> 

620 NAME2(I) = LAB5L(4,I+1A> 

WRITE(6,40) NAMEl, NAWE2 
CALL DIFF(T?,T2P) 

CALL PRINT( AUXl ,AUXi lEtJEl 
WRITE(6,51I NAMEl, NAHE2 

51 FQRMAKM 0 HE 1 GHT/DT • 1 5X ,26Al . • 6 *.26A1 /// 1 

CALL DIFF(H2,H2PI 

C .. CONVERT HEIGHT FROM TENS OF METERS TO METERS .. 
00 625 1 = 1 , IE 
no 625 J * I, JE 

625 AUXin.JI = AUXIU.J) * 10.0 
CALL PRINTIAUXl, AUX, IE,JE) 

WRITE(6,A1) NAMEl, NAME2 
CALL 01FFUI2,U2PI 
CALL PRINT(AUX1,AUX, IE,JE» 

WRITE(6,42) NAMEl, NAME2 
CALL DIFF(V2,V?PI 
CALL PRINT! AUX1 ,AUX, IE, JE» 

WRITE(6,43) NAMEl, NAME2 
CALL OIFF! VS2,VS2P) 

CALL PRINT(AUXl,AUX, IE,JE» 

WRITE(6,AA) NAMEl, NAME2 
CALL D1FF16V2,BV2P1 
CALL PRINT(AUXI,AUX,IE,JE1 
WRITE(6,A51 NAMEl, NAME2 
CALL DIFF(VN2,VN2PJ 
CALL PP.1NT(AUX1,ALJX, IE,JE) 

WRITF!6,A6) NAMEl, NAME2 
CALL 0IFF(ZETA2,ZETA2P» 

CALL PRINT! AUX1,AUX, IE, JE» 

WRITE!6,A7) NAMEl, NAME2 
CALL DIFF!RTA2,ETA2P1 
CALL PRIMT!AUXl,AUX,IE,JEI 
WRITE!6,48) NAMEl, NAME2 
CALL OIFF!AZ2,AZ2PI 
CALL PRINT! AUXl ,AUX, IE, JEl 
WR1TE!6,A9I NAMEl, NAME2 
CALL DIFF!E2,E2P) 

CALL PRINT! AUXl, AUX, IE, JE» 

WRITE!6,50) NAMEl, NAHE2 
CALL DIFF! AT2,AT2P» 

CALL PRINT! AUXl , AUX, IE, JE) 

— 300 MBS.-- 

DO 630 I 3 1, 26 
NAMEim = LA8ELP!6,I + 14» 
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630 NAME2C U = LABELC6,U1AI 
V«RITE(6,A0) NAMElt NAHE2 
CALL DIFF(T3,T3P» 

CALL PRtNT{AUXl,AUX,IEtJEJ 
WRITF(6,51) NAMEl, NAKE2 
CALL DIFF(H3,H3P) 

C .. CONVERT HEIGHT FROM TENS OF METERS TO METERS .. 
DO 635 I = I , IE 
00 635 J = 1, JE 

635 AUX1(I,JI = AUXKI.J) * 10.0 
CALL PRINT! AUXl.AUX, IE, JE» 

WRITE(6,4n NAMFl, NAHE2 
CALL DIFF(U3,U3P1 
CALL PRINT(AUX1 ,AUX,IE,JE) 

WRITE(6,42) NAMEl, NAME2 
CALL 0IFF(V3,V3P) 

CALL PRINT! AUX1,AUX, IE, JEI 
WRITE!6,43I NAMEl, NAME2 
CALL OIFF! VS3,VS3P) 

CALL PPINTIAUXl ,AUX, IF,JE» 

WRITE!6,4A» NAMFl, NAME2 
CALL OIFF! BV3,eV3P I 
CALL PRINT! AUXl ,AUX, IE, JF) 

WRITF!6,45) NAMFl, NAME2 
CALL OIFF! VN3,VN3PI 
CALL PRINT! AUXl ,AUX, IE, JE » 

WRITE!6,46) NAMEl, NAME2 
CALL D1FF!2ETA3,1ETA3P) 

CALL PRINT!AUX1,AUX,1E,JF| 

WRITE!6,A7) NAMEl, NAME2 
CALL DIFF!ETA3,FTA3P» . 

CALL PRINT!AUX1,AUX,1E,JE> 

WRITF!6,A8I NAMEl, NAMF2 
CALL DIFF!A23,AZ3PI 
CALL PRINT! AUXl , AUX, IE, JEI 
WRITE!6,49) NAMEl, NAME? 

CALL DIFF!E3,E3P» 

CALL PRINT!AUXI ,AUX, lE.JEl 
WRITE!6,50I NAMEl, NAME? 

CALL OIFF! AT3,AT3PI 
CALL PRINT(AUXi.,AUX, IE,JE) 

— 100 £ 200 MB LEVFLS TOGETHFR — 

DO 6 AO I = 1, 26 
NAMEl! I ) = LABFLP!l,I+lAl 
NAME2!I) = LABELP(A, I»1AI 
NAME3!II = LABIL!1,1+1AI 
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640 NftMEAU) = L ABEL ( 4 , 1 + 14 1 

WRITE(6,531 NAMEl, NAME2f NAME3 . NAME4 

53 FORMATCID VERT, WIND SHE AR/OT‘ , 3X, • FROM * , 26A1 , 2X , 26A 1 / 28X,> £ 

,• ,26A).,2X,26A1./// » 

CALL 0IFF(V2»VZPI 

CALL PRINT( AUXl ,AUX, lE.JEJ 

WRITr(6,54) NAMEl, NAM62, NAME3, NAKE4 

54 FORMATPID LAPSE RATE OF TEMP ,/OT • ,3 X, • FROM • , 26A1 , 2X , 25A1/28 X, •. 

,£ • ,26A1,?X,P6A1 /// » 

CALL DIFF(TZ,TZP) 

CALL PPINT( AUX’ ,AUX, lE.JE I 
WPITr(6,55) NAMEl, NAME2, NAME3, NAME4 
53 FORMATCIO RICHARDSON NUMBER/OT* , 'FROM • ,26 A1 , 2X, 26 A1/28X, • £ ',26 
,A1,2X,26A1 /// J 
CALL OIFF(RI,RIPI 
C .. BOUND D RI/DT BY 99.0 
DO 650 I = 1, IE 
DO 650 J = 1, JE 

IFIABStAUXK I, Jl I.LT .99.0) GO TO 650 
IF(AUX1(I,J).GT.0.0) AUXKI.J) » 99.0 
IF{ AUXK I .JI.LT.O.Ol AUXKI.JI = -99.0 
650 CONTINUE 

CALL PRINT(AUX1,AUX,IE,JE» 

WRITEI6,56) NAMEl, NAME2, NAME3, NAME4 
56 FORMATCI D cat INDEX/OT' , 'FROM 26A1 , 2X , 26A1 / 28X, ' £ '.26A1,2X 
.,26A1 /// ) 

CALL OIFF(IX,IXPI 
CALL PRINT! AUX1,AUX, IE, JEJ 
GO TO 100 
9999 WRITE(6,60) 

60 FORMAT! /IHl , 60X, * END OF FILE'/lHl » 

STOP 

END 


SUBROUTINE SMOO! A, B, IE, JE » 
DIMENSION A!IE,JE), B!IE,JE) 

DO 400 I = 1, IF 
00 400 J = 1, JE 
B! I , J I = 0.0 
K = 0 

IF! I.EQ.l ) GO TO 100 

B!I,J) = B!I,JI ♦ A!I,J» + AiI-l,J) 

K = K + 2 

100 IF! I.EQ.IE I GO TO 200 

B!I,J) = 0!I,JI + A!I,J( ♦ AllFl.J) 

K = K + 2 

200 IF! J.EQ.l ) GO TO 300 

B(I,J) = B!I,JJ F A!I,J) ♦ A(I,J-1) 

K = K + 2 

300 IF! J.EO.JE) GO TO 400 

B!I,JI = B!I,JI * A!I,J» ♦ Ail.jFll 
K = K ♦ 2 

400 B!I,J) = B! I,J1/FL0AT!K) 

DO 500 I = 1, IE 
DO 500 J = 1, JE 
500 All , J) = B! I,J) 

RETURN 

END 
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SUHPQUTINE EXTRAPC A, IE, JF » 

OIMENSIOM AdE.JEJ 
IS = IF - X 
JS = JE - 1 
DO 20 I = 2, IS 

A(I,U =(3.0 * A(I,2) - A(I,3H/2.0 
20 A(I,JE1 =(3.0 ♦ Ad.JSl - Ad,JE-2li/2.0 
D030J=2, JS 

Ad.J) =(3.0 ♦ A(2,JI - A(3,J)»/2.0 
30 AdE.J) =(3.0 * AdS.J) - A(IE-2,JH/2.0 
Ad, II = 0.5 * ( A(1,2I ♦ A(2,ll I 
A(X,JEI = 0.5 ♦ (A(2,JE) + Ad.JSl I 
AdE.ll = 0.5 * ( AdS.ll ♦ A(IE,2I I 
AdE.JEl = 0.5 * ( AdS,JEI * AdE.JSI I 
RETURN 
END 


subroutine 0IFF(A,AP) 

REAL Adi, 111 , APdJ.llI , AUXldl.lU 

COMMON AUXl 
IE = 11 
JE = 11 

DO 10 I = 1, IE 
00 10 J = 1, JF 

10 AUXld.JI = ( Ad,JI - AP(I,JII/43200.00 
RETURN 
END 


SUBROUTINE PEAOX(L, IE, JEI 
DIMENSION UIE.JEI 

JEI = JE + 1 
DO 10 J = I, JE 
JA = JFl - J 

10 PEAD(5,1) ( Ld ,JAI ,I=1,IE) 

1 F0PMATI11I4I 
RETURN 
END 


SUBROUTINE SMOOTH! L, A, IE, JE I 

DIMENSION LdE.JEl, AdE.JEl 

DO 400 I = I, IE 

DO 400 J = ?. , JE 

Ad.J) = 0.0 

lOIV = 0 

IF( I.EQ.l I GO TO 100 

Ad,J) = Ad.JI + FLOAT! LCI.JI ♦ td-l,J) 

IDIV = IDIV + 2 

IF( I.EQ.IE I GO TO 200 

Ad,J) = Ad.J) + FLOAT! Ld,J) ♦ Ld+l,J) 

IDIV = IDIV + 2 

IF{ J.EO.l I GO TO 300 

A(I,JI = Ad.J) + FLOAT! Ld,J) ♦ Ld,J-ll 

IDIV = IDIV ♦ 2 

GO TO 400 

+ FLOAT! Ld ,J) + L( I, J+l) 


300 IF! J.EQ.JE I 
Ad , J) = Ad.JI 
IDIV = IDIV + 2 

400 Ad.JI = Ad ,J)/FLOATdOIV) 
RETURN 
END 


) 


I 


) 


I 
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SUBROUTINE SCALEC A* II» JJ, R ! 

C, SEARCH THE EXTREMA AND REDUCE TO THE SCALE 100 “ 0. 

DIMENSION A(II,JJ5 
AMAX = -l.E+19 
AMIN » l.E+19 
on 5 I - 1, II 

DO 5 J = X. JJ 

IF( A( I , J) - AMAX } 2, Z, I 

1 AMAX = AlltJI 

n - I 

J1 = J 

2 IF( A( I ,JI - AMIN ) 3t At 4 

3 AMIN = A(I,J) 

12 = I 

J2 = J 

4 CONTINUE 
5 CONTINUE 

R = ( AMAX - AMIN ) 

IF( AMAX ) 30, 8, 9 

8 IF( AMIN ) 30, 32, 35 

9 IF( AMIN J 20, 10, 10 

10 C = AMAX 

GO TO 40 

20 IF( AMAX + AMIN ) 30, 10, 10 

30 C = ABS(AMIN) 

GO TO 40 

32 WRITE(6,33I 

33 FORMAT! • NO SCALING PERFORMED • » 

GO TO 55 

35 MA = 1 

WRITE (6, 37 1 

37 FORMAT! • WARNING. AMAX .LE. AMIN* I 
GO TO 42 

40 IF! C.LT.1.0 \ C = C/10.0 

ALO = ALOGIOICI 
MA = I NT! ALO I 
42 IX * 1 - MA 
lY = -IX 

FACTOR = 10.0**IX 
IF! FACTOR.! Q.J .0 I GO TO 32 
00 50 I = 1, II 
DO 50 K * I, JJ 
50 AII.Kl = A! I,Kt * FACTOR 

55 WRITEI6,60I AMAX, II, Jl, AMIN, 12, J2, R 

60 FORMAT!' MAXIMUM I K MINIMUM I K RANGE*/ 

. ,1P C16.8, 213, E16.8, 213, OP F16.B ) 

WRITE!6,65) lY 
65 FORMAT!* UNITS OF F*,I3 ) 

RETURN 

END 


SUBROUTINE PRINT! P, A, II, JJ > 

C, PRINTING OF SCALAR FIELDS 

DIMENSION A!II,JJ», PUI.JJ) 

DO 1 I = 1, II 

DO 1 J = 1 , JJ 

1 All ,JI = PII,J» 

R * 1.0 

CALL SCALE! A, II, JJ, R J 
DO 2 J = 1, JJ 
Jl = JJ + 1 - J 

WRITE!6,3J ( A!I,J1),I = 1, II 1 

2 CONTINUE 

3 FORMAT! //1X,11F5.1 ) 

RETURN 

END 
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APPENDIX B 


Frequency Distributions for Synoptic Meteorological Parameters 


The synoptic meteorological parameters were classified as measured, 
derived, or time rate -of- change. Empirical frequency distributions and 
a brief discussion of these for each parameter are presented below. 

The number of cases in each distribution associated with turbulent areas 
is 94 and the number associated with non- turbulent areas is 78. 
Percentages of the total number of cases in each class interval are 
given in parentheses. 


1. Measured Parameters 

a. Height . Frequency distributions for the height of the 300- and 
200-mb levels are shown in Table 1. When the height of the 300-mb 


Table 1. Empirical frequency distributions of the height of the 300- 
and 200-mb surfaces associated with turbulent and non- 
turbulent areas. 


<a) 300 mb 



"300 * " 

Areas 

S87.9 

88.0- 

68.9 

89.0- 

89.9 

90.0- 

90.9 

91.0- 

91.9 

92.0- 93.0- 

92.9 93.9 

94.0- 

94.9 

95.0- 

95.9 

96.0- 

96.9 

* 97.0 

Turbulent 

0(0) 

3(3) 

4 (A) 

9(10) 

20(21) 

13(14) 20(21) 

16(17) 

8(9) 

1(1) 

0(0), 

Non>turbulent 

0(0) 

2(3) 

1(1) 

6(8) 

13(17) 

14(18) 8(10) 

19(24) 

12(15) 

3(4) 

0(0) 


(b) 200 mb 


Areas 

«200 * >0^ “ 

S114 9 115.0- 116.0- 117.0- 118.0- 119.0- 120.0- 121.0- > 19,0 

115.9 116.9 117.9 118.9 119.9 120.9 121.9 

Turbulent 

Non-turbulcnt 

1(1) 6 ( 6 ) 8(9) 16(17) 14(15) 20(21) 16(17J 8(9) 5(5) 

2(3) 2(3) 4(5) 10(13) 17(22) 7(9) 16(21) 11(14) 9(»J- 


level is low, the frequency of areas with and without turbulence is 
about the same, but as the height increases to a value of 9.4 km and 
higher there were nearly twice as many areas without turbulence as there 
were with turbulence. In this range of heights, 44 percent of the total 
number of areas without turbulence occurred while only 27 percent of 
those with turbulence occurred in this range. The height of the 200-mb 
level is associated with areas with and without turbulence in about the 
same way as the 300-mb level. When the 200-mb level is below 12 km 
there is no significant difference between the areas with and without 
turbulence; however, 46 percent of the cases without turbulence occurred 
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when the height was 12 km or greater as compared to 31 percent of the 
cases with turbulence in this height range. Thus, when the height of 
these pressure levels exceeds the stated values, there are more cases 
without turbulence than there are with turbulence. 

b. Temperature . The frequency distributions of temperature at the 
300-, 200-, and 100-mb levels are presented in Table 2. Temperature 
does not distinguish between areas with and without turbulence at the 
300- and 200-mb levels, and not in a clear way at the 100-mb level. 

At 100 mb, a range of temperature between -55 and -65 °C contain 
74 percent of the cases with turbulence as compared to 58 percent without 
turbulence. When the temperature was lower than -65 °C, 33 percent of the 
cases were associated with non-turbulent areas while only 17 percent were 
associated with turbulent areas. From these distributions, the temperature 
at 100 mb can be used to a limited extent as a predictor of CAT. 


Table 2. Empirical frequency distributions of temperature at 300, 200, 
and 100 mb associated with turbulent and non-turbulent areas. 


(a) 300 mb 



c. Wind . Frequency distributions for the zonal wind component 
associated with turbulent and non-turbulent areas are presented in Table 
3 for the 300- , 200- , and 100-mb levels. At 300 mb, 73 percent of all 
the cases without turbulence occurred when the wind component was between 
0 and 19 m s~l (a component toward the east). Forty-three percent of 
the cases with turbulence occurred when the zonal wind component was 20 
m s~^ or greater as compared to only 22 percent of the non-turbulent 
cases. Very few cases with or without turbulence occurred when the 
zonal wind component was negative. At 200 mb, 61 percent of the non- 
turbulent cases occurred when the wind component was between 0 and 19 
m s“^ while only 37 percent of the turbulent cases occurred in this 
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range. The trend was reversed for the higher wind speeds as indicated 
by the fact that 55 percent of the turbulent cases occurred when the 
wind speed was 20 m s"^ or greater as compared to only 33 percent of 
the non- turbulent cases. A trend similar to that shown by the distribu- 
tions at the 300- and 200-mb levels is present also at the 100-mb level. 
Fifty- four percent of the non- turbulent cases occurred when the wind 
component was between 0 and 12 m s”l as compared with 39 percent of the 
cases with turbulence. Fifty-six percent of the cases with turbulence 
were associated with a wind speed of 12 m s"l and greater while only 
40 percent of the non-turbulent cases were associated with this range. 


Table 3, Empirical frequency distributions of the zonal wind component 
at 300, 200, and 100 mb associated with turbulent and non- 
turbulent areas. 


(a) 300 mb 



“300 “ 

Areas 

*40 to 
-31 

-30 to 
-21 

-20 to 
•-11 

-10 to 
- 1 

0-9 

10- 

19 

20- 

29 

30- 

39 

40 

Turbulent 

0(0) 

Ul) 

4(4) 

1(7) 

14(15) 

27(29) 

23(24) 

17(18) 

1(1) 

Non-turbulent 

0(0) 

0(0) 

1(1) 

3(4) 

27(35) 

30(39) 

14(18) 

3(4) 

0(0) 


(b) 200 mb 


Areas 

“200 ” 

, ,, -30 to -20 to -10 to . . 10- 20- 30- ^ 4- 

* -21 -11 - 1 19 29 39 * 

Turbulent 

Non-turbulent 

0(0) 1(1) 2(2) 5(5) 12(13) 23(24) 31(33) 19(20) 1(1) 

0(0) 0(0 ) 0(0) . 5(6) 13(17) 34(44) 18(23 ) 8(10) 0(0) 


(c) 100 mb 





u 

100 ® ^ 





Areas 

< -4.0 

-4.0 to 
0.0 

0.0- 

4.0 

4.1 

8.0 

8.0 

12.0 

12.1- 

16.0 

16,1- 

20.0 

> 20.0 

Turbulent 

i(») 

4(4) 

10(11) 

11(12) 

15(16) 

24(26} 

14(15) 

14(15) 

Non- turbulent 

0(0) 

5(6) 

15(19) 

7(9) 

20(26) 

16(21) 

10(13) 

5(6) 


Frequency distributions of the meridional wind component at the 300-, 
200-, and 100-mb levels are presented in Table 4. Only the distribution 
for 200 mb shows a preferred range in speed of this component for the 
areas with or without turbulence. Thirty-one percent of the cases with 
turbulence were associated with wind speeds less than -10 m s"^, while 
21 percent were associated with non- turbulence. A large range in the 
magnitude of this wind component was observed and, as might be expected, 
the frequency distributions show a predominance of cases for areas with, 
as well as those without, turbulence with a magnitude within 10 m s”^ of 
zero meridional wind speed. 


The percentage frequencies of scalar wind speed associated with 
turbulent and non-turbulent areas at the 300- , 200- , and 100-mb levels 
are shown in Table 5. At 300 mb, 58 percent of the non-turbulent cases 
occurred when the wind speed was less than 19 m s“^ while only 32 percent 
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Table k. Empirical frequency distributions of the meridional wind 

component at 300, 200, and 100 mb associated with turbulent 
and non-turbulent areas. 


(a) 300 nb 


Areas 

*300 ” ® * 

-40 to -30 to -20 to -10 to - Q 10- 20- 30- 

-31 -21 -11 - 1 19 29 39 

Turbulent 
Non- turbulent 

9(10) 8(9) 15(16) 22(23) 25(27) 6(6) 6(6) 1(1) 2(2) 

2(3) 5(6) 11(14) 25(32) 21(27) 12(15) 1(1) 1(1) 0(0) 


(b) 200 mb 


Areas 

*200 ■” “ ^ 

. -30 to -20 to -10 to 10- 20- 30- . 

^ -21 -11 - 1 ” ’ 19 29 39 

• Turbulent 
Non-turbulent 

5(5) 6(6) 22(23) 20(21) 26(28) 8(9) 5(5) 2(2) 0(0) 

1(1) 5(6) 11(14) 30(38) 17(22) 9(12) 4(5) 1(1). 0(0) 


(c) 100 mb 






''lOO 

tJ s”^ 




Areas 

s 31 

-30 to 
-21 

-20 to 

-U 

-10 to 
- 1 

0-9 

10- 

19 

20- 

29 

* 30 

Turbulent 

4(4) 

3(5) 

13(14) 

28(30) 

28(30) 

5(5) 

3(3) 

. 8W .. 

Non-turbulent 

1(1) 

1(1) 

10(13) 

28(36) 

24(31) 

4(5) 

4(5) 

6(8) 


of the cases with turbulence occurred in this range. Wind speeds in 
excess of 30 m s"'^ at the 300-mb level were associated with 41 percent of 
the cases with turbulence as compared to only 13 percent without turbulence. 
Similar results were observed at the 200-mb level where 52 percent of the 
cases without turbulence were associated with wind speeds less than 19 m s” 
as compared to only 24 percent with turbulence. Forty-two percent of the 
cases with turbulence were associated with wind speeds of 30 m s~l and 
greater as compared to only 14 percent of the non-turbulent cases. At 
the 100-mb level, 30 percent of the non-turbulent cases were associated 
with wind speeds less than 9 m s“^ as compared to 16 percent of the 
turbulent cases. Fifty percent of the cases with turbulence occurred 
when the wind speed was greater than 15 m s"^ as compared to 35 percent 
of the cases without turbulence. 

There appears to be little doubt that the zonal wind component and 
the scalar wind speed are associated with turbulent and non-turbulent 
areas. When the magnitude of either of these becomes great, turbulence is 
more likely, and when the scalar wind speed, in particular, is below 20 
m s“^ the flight is more likely to be smooth at the levels examined. 
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Table 5. 


Empirical frequency distributions of the scalar wind speed at 300, 
200, and 100 mb associated with turbulent and non-turbulent 
areas. 


(a) 300 mb 



''300 " 

Areas 

0-9 

10-19 

20-29 

30-39 

40-49 

50-59 

% 60 

Turbulent 

3(3) 

27 (29) 

27(29) 

18(19) 

10(11) 

7(7) 

2(2) 

Non-turbulent 

14(18) 

31(40) 

23(29) 

6(8) 

4(5) 

0(0) 

0(0) 


(b) 200 mb 


Areas 

''200 ” 

0-9 10-19 20-29 30-39 40-49 2 50 

Turbulent 
Hon- turbulent 

3(3) 20(21) 32(34) 28(30) 9(10) 2(2) 

9(12) 31(40) 27(35) 9(12) 1(1) 1(1) 


(c) 100 mb 



''lOO ” 

Areas 

0-3.1 

3.1- 

6.0 

6.1- 

9.0 

9.1- 

12.0 

12.1- 

15.0 

15.1- 

18.0 

18.1- 

21.0 

21.1- 

24.0 

2 24.0 

Turbulent 

Non-turbulent 

0«J) 

0(0) 

4(4) 

13(17) 

11(12) 

10(13) 

15(16) 

12(15) 

17(18) 

16(21) 

18(19) 

U(14) 

14(15) 

10(13) 

10(11) 

2(3) 

5(5) 

4(5) 


2. Derived Parameters 

a. Relative vorticity . Frequency distributions of relative vorticity 
at the 300-, 200-, and 100-mb levels are shown in Table 6. There are 

no clear distinctions between turbulent and non-turbulent areas at 200 
mb, although a large percentage (787„) of the non-turbulent areas at 300 
mb had values of relative vorticity between -5 and 5 x lO"^ s"l compared 
with 61 percent of the turbulent cases in this range. Nineteen percent 
of the turbulent and 9 percent of the non-turbulent cases were associated 
with values < -5 x 10"^ s”^. The distributions at 100 mb show 52 percent 
of the non-turbulent areas to be associated with values of relative 
vorticity below -5 x 10"^ s"^ (anticyclonic vorticity) as compared to 35 
percent of the areas with turbulence in this range. When the relative 
vorticity was cyclonic (positive), 42 percent of the turbulent areas 
were associated with values > 10”^ s"^ as compared to 24 percent of the 
non-turbulent areas. Thus, relative vorticity at 100 and 300 mb is 
associated with turbulent and non-turbulent areas and may be useful as 
a predictor, but at 200 mb the association is poor or non-existent. 

b. Absolute vorticity . Frequency distributions of absolute vorticity 
at the 300-, 200-, and 100-mb levels are shown in Table 7. This variable 
does not distinguish clearly between the turbulent and non-turbulent 
areas at 300 and 200 mb, but does at 100 mb. Sixty-nine percent of the 
non-turbulent areas were associated with values of the absolute vorticity 
^ 10"^ s"^, while 41 percent of the turbulent areas were associated with 
these values. A comparison of Tables 6 and 7 shows that absolute 
vorticity at 100 mb is a better indicator of turbulence than relative 
vorticity. 
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Table 6. Empirical frequency distributions of relative vorticity at 300, 
200, and 100 mb associated with turbulent and non-turbulent 
areas. 




(.) 

300 mb 




C,oo X >0'^ 




-10.0 

-5.0 0.0 5.1 

10.1 



Areas 

S -lO.l 

. <to 

to to to 

to 2 15.1 




- 5.1 

-0.0 5.0 10. 0 

15.0 



Turbulent 

1(1) 

17(18) 

37(39) 21(22) 7(7) 

4(4) 

7(7) 


Non-turbulent 

0(0) 

7(9) 

36(46) 25(32) 5(6) 

3(4) 

2(3) 




(b) 

200 mb 




C 200 * 

Areas 

s -10.0 

-10.0 
- 5.1 

to -5.0 to 0.0 to 

-0.0 5.0 

i^:J “ ^ 

3 

Turbulent 

2(2) 

13(14) 36(38) 25(27) 

12(13) 

6(6) 

Non-turbulent 

1(1) 

12(15) 29(37) 23(29) 

7(9) 

6(8) 



(C) 

100 mb 




=100 * 

Areas 

« -5.1 

-5.0 to 
-0.0 

0.0 to 5.1 to 

5.0 10.0 

10. 1 to 
15.0 

i 15.1 

Turbulent 

21(22) 

12(13) 

13(14) 9(10) 

11(12) 

28(30) 

Non-turbulent 

iAOD 

16(21) 

9(12) 10(13) 

4(5) 

15(19) 


Table 7. Empirical frequency distributions of absolute vorticity at 300, 
200, and 100 mb associated with turbulent and non-turbulent 
areas. 




(a) 

300 mb 








’>300 * 

10"^ 




Areas 

5 0.0 

0.0 to 
3.0 

3.1 to 
6.0 

6. 2 Co 
9.0 

9.1 

12.0 

2 12.1 


Turbulent 

2(2) 

9(10) 

13(14) 

28(30) 

12(13) 

30(32) 


Non-turbulent 

0(0) 

4(5) 

14(18) 

23(29) 

15(19) 

22(28) 




(b) 

200 mb 








’>200 * 

10'^ o'’ 




Areas 

i 0.0 

0.0 to 
5.0 

5.1 to 
10.0 

10.1 to 
15.0 


0 

Turbulent 

3(4) 

14(15) 

33(35) 

26(28) 

10(11) 

8(9) 


Non-turbulent 

1(1) 

13(17) 

29(37) 

23(29) 

7(9) 

5(6) 




(c) 

100 nb 






’>100 * 

Areas 

£ 6.1 

6.0 to 

8.0 

8.1 CO 
10.0 

10. 1 to 
12.0 

.,4.« 

Turbulent 

1(1) 

12(13) 

24(26) 

36(38) 

21(22) 

0(0) 

Non-turbulent 

0(0) 

10(13) 

36(46) 

25(32) 

7(9) 

0(0) 
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c. Advectlon of temperature . Frequency distributions of the 
advection of temperature at the 300-, 200-, and 100-mb levels are shown 
in Table 8. This table shows that the advection of temperature is not 
strongly related to the 'turbulent or non-turbulent areas at the 200-mb 
level, and at the 300- and 100-mb levels only for strong cold advection. 
At 300 mb, 15 percent of the turbulent and 4 percent of the non-turbulent 
cases were associated with values < -10"^ °C s”^, and at 100 mb, 24 
percent of the turbulent and 13 percent of the non-turbulent cases were 
associated with values < -4 x 10"^ °C s“^. 

Table 8. Empirical frequency distributions of the advection of tempera- 
ture at 300, 200, and 100 mb associated with turbulent and 
non-turbulent areas. 


(a) 300 mb 




(-V . 

”>300 * 

10 *^ “c 

-1 

8 



Areas 

s - 20.1 

-20.0 

to 

- 10.1 

- 10.0 

to 

• 0.0 

0.0 

to 

10.0 

10.1 

to 

20.0 

20.1 

to 

30.0 

i 30.1 

Turbulent 

«( 6 ) 

8(9) 

24 ( 26 ) 

46 ( 49 ) 

8(9) 

1 ( 1 ) 

1 ( 1 ) 

Non> turbulent 

1 ( 1 ) 

2 ( 3 ) 

33 ( 42 ) 

34 ( 44 ) 

5(6) 

2 ( 3 ) 

1 ( 1 ) 


(b) 200 mb 




(-V • 

^hoo * 

10 '^ *c 

-1 

6 



Areas 

S - 30.1 

- 30.0 

to 

- 20.1 

- 20.0 

to 

- 10.1 

- 10,0 

to 

• 0.0 

0.1 

to 

10.0 

10,1 

to 

20,0 

* 20.1 

Turbulent 

3 ( 3 ) 

4 ( 4 ) 

16 ( 17 ) 

24 ( 26 ) 

2 ^( 31 ) 

12 ( 13 ) 

6 ( 7 ) 

Non-turbulent 

1 ( 1 ) 

4 ( 5 ) 

4 ( 5 ) 

22 ( 28 ) 

31 ( 40 ) 

10 ( 13 ) 

6 ( 8 ) 


(c) 100 mb 


Areas 

(-V • ?T)jgg X 10*® *C 6*^ 

^ o 1 -8.0 to -4.0 to 0.0 to 4.1 to ^ % 

* -4.1 -0.0 4.0 8.0 

Turbulent 

Non-turbulent 

5(5) 18(19) 34(36) 26(28) 7(7) 4(4) 

3(4) 7(9) 32(41) 25(32) 7(9) 4(5) 


d. Advection of relative vorticity . Frequency distributions of the 
advection of relative vorticity at the 300- , 200- , and 100-mb levels are 
shown in Table 9. The distributions do not show a clear relationship 
between this variable and areas with or without turbulence at the 200-mb 
level, although there is a tendency for strong negative advection to 
be associated with turbulence. At 300 mb, 18 percent of the cases with 
turbulence were associated with values < -3 x 10“^ s”^, while there was 
only 6 percent of the non-turbulent cases observed in this range. At the 
100-mb level, there is a tendency for positive advection to be associated 
with turbulent areas. Seventeen percent of the turbulent cases were 
associated with values of the advection of relative vorticity > 4 x 10“^ s 
as compared to only five percent of the non-turbulent cases in this range. 
Hence, the advection of relative vorticity at any of the levels considered 
does not clearly distinguish between turbulent and non-turbulent areas. 
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Table 9. 


Empirical frequency distributions of the advection of 
relative vorticity at 300, 200, and 100 mb associated with 
turbulent and non- turbulent areas. 







(a) 300 mb 






Areas 

s: -9.1 

-9.0 to 
-6.1 

-6.0 to 
-3.1 

-3.0 to 

-0.0 

0.0- 3.1- 6a- 

3.0 6.0 9.0 

i2:i' 


Turbulent 

3(3) 

5(5) 

9(10) 

40(43) 

27(29) 6(6) 1(1) 

. 2(2) 1(1) 


Hon- turbulent 

0(0) 

1(1) 

4(5) 

40(51) 

28(36) 4(5) 0(0) 

0(0) 1(1) 


(b) 200 mb 



• ®C)2oo 

Areas 

i -12.1 

-12.0 to 
- 9.1 

-9.0 to 
-6a 

-6.0 to -3.0 to 0.0- 
-3.1 -0.0 3.0 

3.1- 6.1- ^ 

6.0 9.0 

1 

Turbulent 

0(0) 

«(4) 

6(6) 

6(6) 

38(40) 28(30) 

7(7) 4(4) 1(1) 

Hon- turbulent 

0(0) 

0(0) 

4(5) 

4(5) 

31(40) 29(37) 

7(9) 3(4) 0(0) 


(c) 100 






• ’Oloo 

X 10‘‘® 

-2 

s 




Areas 

£ -16.0 

•16.0 to 
-12.1 

-12.0 
- 8.1 

to -8.0 to 
-4.1 

-4.0 to 
-0.0 

0.0- 

4.0 

4.1- 

8.0 

8.1- 

12.0 

i 12.1 

Turbulent 

0(0) 

0(0) 

2(7) 

14(15) 

31(33) 

26(28) 

8(9) 

7(7) 

1(1) 

Hon- turbulent 

0(0) 

2(3) 

1(1) 

7(9) 

42(54) 

22(28) 

4(5) 

0(0) 

0(0) 


e. Horizontal wind shear . Frequency distributions of horizontal wind 
shear at the 300- , 200- , and 100-mb levels are shown in Table 10. These 
distributions do not show a strong relationship between horizontal wind 
shear and turbulence, although at 300 mb 18 percent of the turbulent as 
compared with 9 percent of the non-turbulent areas occurred when the 
magnitude of the shear equalled or exceeded 45 x 10"^ s“^. At 100 mb, 

29 percent of the turbulent and 16 percent of the non-turbulent areas 
were associated with values ^ 16 x 10"6 s“l (cyclonic shear). 

f. Vertical wind shear . Frequency distributions of vertical wind 
shear computed from 200- and 100-mb data are shown in Table 11. The 
percentages for turbulent and non-turbulent cases for values less than 
3.0 X 10“^ s“ are 38 and 56, respectively. Twenty-nine percent of the 
turbulent areas were associated with vertical vector wind shears that 
exceeded 5 x 10~3 s“l as compared to only 13 percent for the non-turbulent 
areas . 


g. Lapse rate of temperature . Frequency distributions for the 
lapse rate of temperature between the 200- and 100-mb levels are presented 
in Table 12. These distributions do not show any strong differences 
between turbulent and non-turbulent conditions. 

h. CAT Index . Frequency distributions of the Colson-Panofsky CAT 
Index are shown in Table 13. There are no significant differences 
between the distributions for turbulent and non-turbulent areas. Based 
on this data sample, this index does not distinguish well between 
turbulent and non-turbulent areas. 
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Table 10. Empirical frequency distributions of horizontal wind shear 
at 300, 200, and 100 mb associated with turbulent and non- 
turbulent areas. 


(«) 300 mb 


Arc88 

<»V/»n),^^X 10‘® .-1 

“^^*5 to -29.9 to -14.9 to O.l- 15.1- 30.1- .. , 

. 30.0 -15.0 0.0 15.0 30.0 45.0 

Turbulent 

Non-turbulent 



(b) 200 mb 





(AV/»n) 

X 10*^ 
2 on 

-1 

6 




kreai 

s -45.0 

-44.9 to 
-30.0 

-29.9 to 
-15.0 

14.9 to 
0.0 

0.1- 

15.0 

15.1- 

30.0 

30.1- 

45.0 

^ 45.1 

Turbulent 

■ II 

9(10) 

16(17) 

18(19) 

22(23) 

14(15) 

8(9) 

■ 1 

Kon-tdrbulcnC 

■ II 

9(5) 

W(18) 

15(19) 

14(18) 

15(19) 

6(8) 

■Bi 


(c) 100 mb 








-1 








<»v/an),oo 

X 10 

8 






-11 CO 



6- 

11- 

16- 

21- 


Areas 

s^-12 

- 7 

-1 

0-5 

10 

15 

20 

25 

> 26 

Turbulent 

6(6) 


B SI 

14(15) 

18(19) 

11(12) 

16(17) 

7(7) 

■ ■ 

Non- turbulent 

4(5) 



19(24) 

14(18) 

13(17) 

7(9) 

3(4) 



I 


Table 11. Empirical frequency distributions of vertical vector wind 
shear between 200 and 100 mb associated with turbulent and 
non- turbulent areas. 




(3V/dZ) 

200-100 

X 10‘* E 

•1 



Areas 

0-9.9 

1 

0 0 ^ 
0 

^ iM 

20.0- 

29.9 

30.0- 

39.9 

40.0- 

49.9 

50.0- 

59.9 

i 60,0 

Turbulent 

5(5) 

23(24) 

8(9) 

21(22) 

10(11) 

9(10) 

18(19) 

Non- turbulent 

8(10) 

21(27) 

15(19) 

15(19) 

9(12) 

3(4) 

7(9) 


Table 12. Empirical frequency distributions of the lapse rate of 

temperature between 200 and 100 mb associated with turbulent 
and non- turbulent areas. 


Areas 

<»T/9Z)joo-100 * 

-20.0 to -lO.O to O.O to 10. 1 to ^ ,n 1 

* -10.1 - 0.0 10.0 20.0 

Turbulent 

Non-turbulent 

20(21) 20(21) 21(22) 28(30) 3(3) 2(2) 

22(28) 18(23) 17(22) 15(19) 6(8) 0(0) 


T" 
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Table 13. Empirical frequency distributions of the CAT Index associated 
with turbulent and non-turbulent areas. 



CAT Index (x 10^) 



-20.0 

-18.0 

-16.0 

-14.0 

-12.0 


Areas 

s -20.1 

to 

to 

to 

to 

to 

a -10.0 



-18.1- 

-16.1 

-14.1 

-12.1 

-10. 1 


Turbulent 

0(0) 

11(12) 

23(24) 

27(29) 

18(19) 

12(13) 

3(3) 

Non-turbulent 

UD 

5(6) 

20(26) 

19(24) 

16(21) 

12(15) 

5(6) 


i. Richardson number . Frequency distributions of the Richardson 
number are shown in Table 14. This parameter was computed from the 
wind shear and temperature lapse rate computed from the 200- and 100-mb 
data. The Richardson number distinguishes turbulent and non-turbulent 
areas only when the Richardson number is small or large. When its 
value is below 20, more cases with turbulence were observed than without 
(32 and 21 percent, respectively). When its value exceeded 40, more 
areas without turbulence were observed than with turbulence (62 and 44 
percent, respectively). In the range between 20 and 40, turbulent and 
non-turbulent areas occurred with about the same frequency. 

Table 14. Empirical frequency distributions of the Richardson number 
associated with turbulent and non-turbulent areas. 



R1 

Areas 

0.0- 

lO.O 

lO.l- 

20,0 

20.1- 

30.0 

30.1- 

40.0 

40.1- 

60.0 

60.1- 

80.0 

80.1- 

100,0 

Turbulent 

15(16) 

15(16) 

16(17) 

7(7) 

3(9) 

7(7) 

26(28) 

Non-turbulent 

7(9) 

9(12) 

9(12) 

5(6) 

10(13) 

10(13) 

28(36) 


3 . Time Rate-of-Change of Parameters 

The time rate-of-change of parameters was computed from rawinsonde 
data measured before and after each flight of the XB-70. The rawinsonde 
times were 1200 GMT on the day of each flight, and 0000 GMT the following 
day. Most of the flights occurred between 1600 and 2100 GMT. 

a. Height of constant-pressure surfaces . Frequency distributions of 
the time rate-of-change of height of the 300- and 200-mb surfaces are 
shown in Table 15. The height of the 100-mb surface is not included in 
the table since it was not included in the computations. The frequency 
distributions do not show any preferred values of changes in height at the 
300-mb level associated with turbulent or non-turbulent areas. At 200 
mb, 18 percent of the turbulent areas were associated with values < -5 x 
10"^ m s"^ as compared with 7 percent of the non-turbulent areas in this 
range. 
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Table 15, Empirical frequency distributions of the time rate-of-change 
of height of the 300- and 200-mb surfaces associated with 
turbulent and non- turbulent areas. 


(«) 300 mb 






(aH/8t)3oo 

X lo"'* 

-1 

m fi 




Areas 

-21.0 to 

-16.0 to 

-ll.O to 

-6.0 to 

0- 

6.0 

11.0- 

16.0- 

i 21.0 

-17.0 

-12.0 

- 7.0 

-1.0 

5.0 

10.0 

15.0 

20.0 

Turbulent 

4(4) 

2(2) 

7(7) 

12(13) 

22(23) 

13(14) 

13(14) 

7(7) 

14(15) 

Non-turbulent 

2(3) 

0(0) 

6(8) 

10(13) 

17(22) 

15(19) 

15(19) 

4(5) 

9(12) 


(b) 200 mb 





(S8/bt)joo X 

— 

10 ms 

-1 




Areas 

filS.l 

-15.1 to 
-10.1 

-10.0 to 
- 5.1 

-5.0 to 
-0.1 

0. 0-5.0 

5.1- 

10.0 

10. 1- 
15.0 

15.1- 

20.0 

fc20.1 

Turbulent 

4(4) 

1(1) 

12(13) 

5(5) 

16(17) 

17 (IB) 

15(16) 

11(12) 

13(14) 

Non-turbulent 

0(0) 

1(1) 

5(6) 

7(9) 

13(17) 

18(23) 

12(15) 

15(19) 

7(9) 


b. Temperature change on constant-pressure surfaces . Frequency 
distributions for the time rate-of-change of temperature at the 300-, 

200- , and 100-mb surfaces are shown in Table 16. At 300 mb, 39 percent 
of the cases without turbulence were associated with an increase in 
temperature with time between values of 20 and 40 x 10“^ ®C s“^ as compared 
with only 16 percent of the areas with turbulence in this range. Twenty- 
nine percent of the areas with turbulence were associated with a decrease 
of temperature with time as compared with 14 percent of the areas without 
turbulence. When the temperature increase was between zero and 20 or 
greater than 40 x 10“^ °C s*^, there were no systematic differences in 
the frequencies associated with turbulent or non- turbulent areas. At 
the 200-mb level, there were no significant differences in the frequency 
distributions between the turbulent and non-turbulent areas. At 100 mb, 

26 percent of turbulent and 14 percent of non-turbulent cases were 
associated with values ^ 4.0 x 10“5 ®c s“^. Thus the local rate-of-change 
of temperature does not distinguish well between turbulent and non-turbulent 
areas at the 200- and 100-mb levels, but does within certain intervals 
at the 300-mb level. 


c , Zonal wind component on constant-pressure surfaces . Frequency 
distributions for the zonal (west to east) wind component are shown in 
Table 17 for the 300- , 200- , and 100-mb levels. The zonal wind component 
is positive for a west wind and negative for an east wind. When the 
local rate-of-change is negative, the component is becoming more westerly 
or less easterly, (change vector points toward the west) and when it is 
positive the component is becoming more easterly or less westerly (change 
vector points toward the east). Although some slight differences are 
indicated at 100 mb, the distributions in Table 17 do not indicate any 
significant differences between turbulent and non-turbulent areas. 
Therefore, this parameter does not appear to distinguish between areas 
with or without turbulence. 
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Table 16. Empirical frequency distributions of the time rate -of -change 
of temperature at 300, 200, and 100 mb associated with 
turbulent and non- turbulent areas. 


(a) 300 H!b 


Areas 

■ (aT/bt)jpQ X 10'^ ‘C 

-10.0 0.0 10.1 20.1 30.1 

^-10.1 to to to to to ^40.1 

- 0.0 10.0 20.0 30.0 40.0 

Turbulent 
Hon- turbulent 

21(22) 7(7) 14(15) 18(19) 8(9) 7(7) 19(20) 

8(10) 3(4) 14(18) 8(10) ■ 13(17) 17(22) 15(19) 


(b) 200 mb 


Areas 

(8T/at)2(,o X jo-^ “c 

, -100.0 to -50.0 to 00.0 to 50.1 to ^ .qq , 

s -lO.l _ 50.0 -00.0 50.0 100. 0 

Turbulent 
Mon- turbulent 

6(6) 8(9) 26(28) 38(40) 9(10) 7(7) 

4(5) 4(5) 25(32) 29(37) 11(14) 5(6) 


(c) 100 mb 





(XT/St) 

100 * 

^ -C 





-lO.O 

0.0 

10. 1 

20.1 

30.1 


Areas 

-10.1 

to 

- 0.0 

0 o 
^ o 

to 

20.0 

to 

30.0 

to 

40.0 

40.1 

Turbulent 

23(24) 

10(11) 

5(5) 

13(14) 

12(13) 

7 ( 7 ) 

24(26) 

Non- turbulent 

20(26) 

7(9) 

6(8) 

13(17) 

14(18) 

7(9) 

U(14) 


Table 17. Empirical frequency distributions of the time rate-of-change 
of the longitudinal wind component at 300, 200, and 100 mb 
associated with turbulent and non- turbulent areas. 


(a) 300 mb 


Areas 

(&u/dt)^QQ X lO"^ m B ^ 

, ,, -40 to -30 to -20 to -10 to . „ 10- 20- 30- > 

* -31 -21 -11 - 1 19 29 39 “ 

t'orbulcnt 

Hon-turbulent 

5 ( 5 ). 2(2) 7(7) 12(13) 18(19 ) 24(26) 14(15 ) 7(7) 1(1) 4(4) 

. 1(1) 3(4) 5 ( 4 ) 7(9) 17(22) 21(27) 14(18) 7(9) 2(3) 1(1) 


(b) 200 mb 






(3u/3t)2Qjj X 10 ^ m b' 

2 





^ -17 

-16 to 

-U to 

-6 to - . 

6- 

mm 

16- 

* 21 



-12 

- 7 

-1 

10 


20 


Turbulent 



TBH 


15(16) 

9(10) 

MM 


Non- turbulent 

ISSI 


■ 1 

8(10) 11(14) 

4(5) 

9(12) 

IBS 



(c) 100 mb 


Areas 

teu/at)jpg X lo"* m a‘* 

^ 1 - -16 to -11 to -6 to ^ - 6- 11- 16- ^ -- 

-12 - 7 -1 10 ^15 20 

Turbulent 
Kon- turbulent 
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d. Meridional wind component on constant"pressure surfaces . 

Frequency distributions of the meridional (south to north) wind component 
for the 300- , 200-, and 100-mb levels are shown in Table 18: negative 

values indicate the meridional wind component as becoming more northerly 
(increasing toward the north) while positive values indicate it is 
becoming more southerly (increasing toward the south). The frequency 
distributions in Table 18 do not show any systematic differences between 
turbulent and non- turbulent areas. 


Table 18, Empirical frequency distributions of the time rate-of-change 
of the meridional wind component at 300, 200, and 100 mb 
associated with turbulent and non- turbulent areas. 


<a) 300 mb 


Areas 

(av/bt)joo * 10'^ " 

^ ,, -40 to -30 to -20 to -10 to . o 10- 20- 30- , 

^ -31 -21 -11 - 1 19 29 39 

Turbulent 
Mon' turbulent 

6(6) 5(5) 5(5) 12(13) 17(18) 16(17) 16(17) 5(5) 4(4) 8(9) 

.6(8) 1(1) 7(9) 11(14) 7(9) 19(24) 15(19) 4(5) 4(5) 4(5) 


(b) 200 mb 


Areas 

(8v/at)jj,g X 10‘* m 

. -16 to -11 to -6 to - . 6- 11- 16- ^ «i 

^ -1’ .12 - 7 -1 10 15 20 

Turbulent 

Non-turbulent 

19(20) 6(6) 12(13) 5(5) 16(17) 8(9) 8(9) 4(4) 16(17) 

18(23) 7(9) 5(6) 9(12) 12(15) 4(5) 5(6) 4(5) 14(18) 


(e) 100 mb 


Areas 

(4v/8t)jj,g X 10'* m 

. -16 to -11 to -6 to ft c i 91 

* *” -12 - 7 -1 10 15 20 “ 

Turbulent 

Non-turbulent 

6(6) 6(6) 6(6) 16(17) 22(23) 11(12) 5(5) 4(4) 18(19) 

2(3) 3(4) 8(10) 22(28) 13(17) 12(15) 8(10) 2(3) 8(10) 


e . Scalar wind speeds on constant-pressure surfaces . Frequency 
distributions of the time rate-of-change of scalar wind speed at the 
300-, 200-, and 100-mb levels are shown in Table 19. These distributions 
are similar to those shown in Tables 17 and 18 inasmuch as they do not 
distinguish between turbulent and non-turbulent areas except possibly for 
large negative values at 300 and 200 mb. It is clear from Tables 17, 18, 
and 19 that the local rate-of-change of component or scalar wind speeds 
does not distinguish between turbulent and non-turbulent areas. 

f. Relative vorticlty on constant-pressure surfaces . Frequency 
distributions for the time rate-of-change of relative vorticity at the 
300-, 200-, and 100-mb levels are shown in Table 20. The distributions 
associated with turbulent and non-turbulent areas at the 300- and 200-mb 
levels do not show any significant differences. At the 100-mb level, 33 
percent of the areas with turbulence were associated with rates-of-change 
less than -20 x 10“^^ s"^ as compared with 20 percent of the non-turbulent 
areas in this range. There were 53 percent of the non-turbulent areas 
associated with changes in the relative vorticity between -10 to +30 x 10” 
s"2 as compared with only 32 percent of the areas with turbulence associated 
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Table 19. Empirical frequency distributions of the time rate -of -change 
of the scalar wind speed at 300, 200, and 100 mb associated 
with turbulent and non-turbulent areas. 


(a) 300 mb 


Areas 

(av/dt)j^ X to'^ a b'^ 

^ -16 to -11 to -6 to _ _ 6- 11- 16- ^ 

. -12 . ? -1 10 15 20 * 

Turbulent 

Non-turbulent 

B i 1 ^ i IBB H SOI 


(b) 200 mb 


Areas 

(av/atjjpg X lo’^ m B~^ 

^ ,, -16 to -ll to -6 to . _ 6- IJ- 16- > 

== ‘1' -12 - 7 -1 10 15 20 

Turbulent 

Non-turbulent 

B ^ ! BIB E 1 


<c) 100 mb 


Areas 

<aV/8t)jQp X lO'^ n b'^ 

^ , -12.0 to -9.0 to -6.0 to -3.0 to 0.0- 3.1- 6.1- 9.1- ^ ^ 

- 9.1 -6.1 -3.1 -0.0 3.0 6.0 9.0 12.0 

Turbulent 

Non-turbulent 

2 


Table 20. Empirical frequency distributions of the time rate-of-change 
of relative vorticity at 300, 200, and 100 mb associated 
with turbulent and non-turbulent areas. 




(b) 

300 mb 






f 

(>:/at)^„ X 

-2 

10 a 



Areas 

s -30.1 

-20.1 to 
•30.0 

-10.1 to 
-20.0 

o 

o o 
o o 

0.0 to 
10.0 

i 10. 1 

Turbulent 

1(1) 

10(11) 

S(5) 

30<32) 

35(37) 

13(14) 

Non- turbulent 

3(«) 

2(3) 

10(13) 

28(36) 

27(35) 

8(10) 



(b) 

200 mb 







<ac/at),^ X 

10 8 



Areas 

IS -30.1 

-20.1 to 
-30.0 

•10.1 to 
-20.0 

• 0.0 to 
-10.0 

0.0 to 
10.0 

i 10. 1 

Turbulent 

0(0) 

i(S) 

12(13) 

35(37) 

29(31) 

13(14) 

Non-turbulent 

2(3) 

4(5) 

14(18) 

25(32) 

25(32) 

8(10) 


(c) 100 mb 


Areas 

(ac/at),oo X io'“ b'^ 

^ -- , -20.1 to -10.1 to - 0.0 to 0.0- 10. 1- 20.1- 

* *'’^** -30.0 -20.0 -10.0 10.0 ^ 20.0 30.0 «>W.l 

Turbulent 

Non-turbulent 

21(22) 10(11) 13(14) 12(13) 8(9) 8(9) 1(1) 21(22) 

9(12) 8(8) 11(14) 18(23) 10(13) 7(9) 6(8) 11(14) 
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with this range. The frequency distributions associated with turbulent 
and non-turbulent areas are quite different at 100 mb, but do not show 
any significant difference at the 300- and 200-mb levels. 

g. Vorticity due to the corlolis force on constant-pressure surfaces . 
Frequency distributions of the rate-of-change of vorticity due to the 
Coriolis force at the 300-, 200-, and 100-mb levels are shown in Table 21. 
These distributions do not distinguish between turbulent and non-turbulent 
areas at 300 or 100 mb, but at 200 mb there were 43 percent and 29 percent 
of turbulent and non-turbulent cases, respectively, for values < -1.6 x 
10” s"'^, and 20 percent and 35 percent for turbulent and non-turbulent 

cases, respectively, for values between zero and -1.6 x 10”^® s” . 


Table 21. Empirical frequency distributions of the time rate-of-change 
of vorticity due to the coriolis force at 300, 200, and 100 
mb associated with turbulent and non-turbulent areas. 


(a) 300 mb 


Areas 

B''3on * 

£ ,17 0-5 a 21 

-12 - 7 -1 ° ’ 10 15 20 

•Turbulent 

Noo'turbulcnt 

32(3'i) 6(6) 8(9) 9(10) 11(12) 7(7) 6(6) 7(7) 8(9) 

19(26) 8(6) 12(15) 9(12) 7(9) 9(12) 4(5) 2(3) 10(13) 


(b) 200 mb 


Areas 

Bvjoo X 10-“ .-2 

,, • -16 to -11 to -6 to - , 6- 11- 16- ,, 

* -12 - 7 -1 ® ® 10 15 20 * “ 

Turbulent 
Non- turbulent 

40(43) 6(6) 8(9) 4(4) 11(12) 5(5) 8(9) 4(4) 8(9) 

23(29) 8(10) 9(12) 10(13) 4(5) 4(5) 5(5) 8(10) 7(9) 


(c) 100 mb 


Areas 

BVjoo X 10-“ 0-^ 

-16 to -11 to -6 to 6- 11- 16- ^ 

^ “ -12 - 7 -1 ^ ^ 10 15 20 

Turbulent 

Non-turbulent 

13(14) 8(9) 12(13) 15(16) 18(19) 15(16) 7(7) 1(1) 5(5) 

8(10) 8(10) 8(10) 15(19) 17(22) 10(13) 4(5) 5(6) 3(4) 


h . Advectlon of temperature on constant-pressure surfaces . Frequency 
distributions for the time rate-of-change of the advection of temperature 
at the 300-, 200-, and 100-mb levels are shown in Table 22. Negative 
values indicate a decrease in the rate of advection (less warm or more 
cold) while positive values indicate an increase in the rate of advection 
(less cold or more warm). At 300 mb, there are more turbulent than non- 
turbulent areas associated with magnitudes exceeding + 20 x 10 " °c s”^. 
In addition, 56 percent of the cases without turbulence occurred between 
+ 10“9 °c s”^ as compared to 40 percent of the areas with turbulence in 
this range. Thus at 300 mb the distributions show definite differences 
between turbulent and non-turbulent areas. These differences are not 
reflected as clearly in the distributions at 200 and 100 mb although there 
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Table 22. Empirical frequency distributions of the time rate-of-change 
of the advection of temperature at 300, 200, and 100 mb 
associated with turbulent and non- turbulent areas. 


(a) 300 mb 


Areas 

a(-v . vr)/3t X io"‘“ “c s"^ 

^ , -20.0 to -10.0 to 0.0 to 10. 1 to , 

-10.1 - 0.0 10.0 20.0 

Turbulent 

Non-turbulent 

22(23) 10(11) 19(20) 19(20) 9(10) 15(16) 

11(U> 10(13) 22(28) 23(29) 6(8) 6(8) 


(b) 200 mb 




a(-v.?r)/3t 

X 10‘*° “C s' 

2 



Areas 

-30.1 

-30.0 

to 

-20.1 

-20.0 

to 

-10.1 

-10.0 

to 

- 0.0 

0.0 

to 

10.0 

10. 1 
to 

20.0 

20.1 

to 

30.0 

^ 30* 1 

Turbulent 

18(19) 

12(13) 

7(7) 

13(14) 

10(11) 

15(16) 

4(4) 

15(16) 

Non- turbulent 

13(17) 

6(8) 

6(8) 

15(19) 

13(17) 

11(14) 

8(10) 

6(8) 


(c) 100 mb 




s(-v . vT)/at 

100 * lo''® 

•c 



Areas 

s -10. 1 

-10.0 to 
- 5.1 

-5.0 to 
-0.0 

0.0 to 
5.0 

5.1 to 
10.0 

2 10.1 

Turbulent 

18(19) 

15(16) 

17(18) 

14(15) 

10(11) 

20(21) 

Non-turbulent 

10(13) 

11(14) 

24(31) 

12(15) 

10(13) 

11(14) 


is, in general, a tendency for a greater percentage of the turbulence 
cases to be associated with large values in the rate-of-change of 
advection, both positive and negative, than for the areas without 
turbulence. In summary, at the 200- and 100-mb levels the time rate-of- 
change of the advection of temperature does not appear to distinguish 
between turbulent and non- turbulent areas except for large magnitudes. 

i . Advection of relative vorticity on constant- pressure surfaces . 
Frequency distributions of the time rate-of-change of the advection of 
relative vorticity at the 300- , 200-, and 100-mb levels are shown in 
Table 23. None of these distributions shows any features which 
distinguish between turbulent and non-turbulent areas. 

j . Horizontal wind shear on constant-pressure surfaces . Frequency 
distributions of the time rate-of-change of horizontal wind shear at the 
300-, 200-, and 100-mb levels are shown in Table 24. Fifty-four percent 
of the cases without turbulence were associated with values between zero 
and -9.9 x 10"^® s"^, while 41 percent of the cases with turbulence 
occurred in this range. There were no apparent differences at 200 mb. 

At the 100-mb level, 32 percent of the turbulent areas were associated 
with changes in the horizontal wind shear < 20 x 10" s~2 as compared 
with only 13 percent of the areas without turbulence. For values between 
-10 and 1 X 10“H s"^, 26 percent of the cases without turbulence fell in 
this range compared with only 6 percent of the areas with turbulence. 

In Table 24, negative values indicate that the horizontal wind shear is 
becoming more anti-cyclonic with time while positive values indicate that 
it is becoming more cyclonic with time. Thus the occurrence of turbulence. 
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Table 23. Empirical frequency distributions of the time rate-of-change 

of the advection of relative vorticity at 300, 200, and 100 mb 
associated with turbulent and non-turbulent areas. 


M 300 mb 






R(-V . vc)/ht 

300 * 





Areas 

s -20.1 

-20.0 to 
-15.1 

-15.0 
-10. 1 

to' -10.0 to 
- 5.1 

-5.0 to 0.0- 
-0.0 ^ 5.0 

5,1-- 

10.0 

10.0- 

15.0 

15. 1-* 
20.0 

> 21.0 

Turbulent 

■sa 

mmm 


8(9) 

30(32) 26(28) 

9(10) 

8(9) 

3(3) 

■ II 

Hon-turbulent 

HI 

moil 

■ l 

4(5) 

25(32) 24(31) 

7(9) 

6(8) 

1(1) 

Bil 


(b) 200 mb 





a(-v 


X . 

-3 



Areas 

s -20.1 

-21.0 to 
-14.1 

-14.0 to 
- 7.1 

-7.0 to 
-0.0 

0.0- 

7.0 

7.1- 

14.0 

24,1- 

21.0 

a 21.1 

Turbulent 


■IB 

9(10) 


1 

14(15) 

3(3) 

7(7) 

Mon- turbulent 

mSBm 

■IB 

11(14) 

■11 

Bil 

10(13) 

3(4) 

3(4) 

.(c) 100 rab 




8(-V 


X 10' 33 , 

-3 



Areas 

t -15.1 

-15.0 to 
-10,1 

-10 .A to 

- 5.1 

-5.0 to 
-0.0 

0.0- 

5.0 

5.1- 

10.0 

10.1- 

15.0 

ae 15.1 

Turbulent 

HI 


■jiig 

19(20) 

20(21) 

15(16) 

, 7(7) 

1 

Mon-turbulent 

HI 

IBB 

K 1 

17(22) 

23(29) 

6(8) 

9(12) 



Table 24. Empirical frequency distributions of the time rate-of-change 

of the horizontal wind shear at 300, 200, and 100 mb associated 
with turbulent and non-turbulent areas. 


(a) 300 mb 






-10 -2 
B 




Areas 

s -15.0 

-14.9 to 
-10.0 

-9.9 to 
-5.0 

-4,9 to 
0.0 

0.1- 

5.0 

5.1- 

10.0 

10.1- 

15.0 

a 15.1 

Turbulent 

4(4) 

■IB 

HBjBQH 


E i 1 

11(12) 

IB 

2(2) 

Mon- turbulent 

2(3) 

■IB 




11(14) 

Bali 

0(0) 


(b) 200 mb 


Areas 


-14.9 to -9.9 to -4.9 to 0.1- 5.1- 10.1- > ,c , 

* -lO.O -5.0 . 0.0 5.0 10.0 15.0 

Turbulent 
Hon- turbulent 

3(3) 4(4) 17(18) 23(24 ) 36(38) 7(7 ) 4(4) 0(0) 

4(5) 5(6) 15(19) 22(28) 22(28)_ 9(12) 1(1) 0(0) 


(c) 100 mb 


Areas 


-40 to -30 to -20 to -10 to „ „ 10- 20- 30- ^ 

* -'‘3 -31 -21 -a - 1 19 29 39 * 

Turbulent 
Mon- turbulent 
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particularly at the 100-mb level, is associated with conditions which lead 
to larger anti-cyclonic horizontal wind shear, while areas without 
turbulence occur more frequently for small negative changes in the 
horizontal wind shear which do not exceed 10"ll s"^. 

k. Vertical wind shear . Frequency distributions of the rate -of -change 
of vertical wind shear between the 200- and 100-mb levels are shown in 
Table 25. Sixteen percent of the turbulent areas are associated with a 
rate-of- change which exceeds 10"^ s"^ as compared with only 4 percent 
of the cases without turbulence. Thus, when the vertical wind shear is 
increasing rapidly with time, turbulence may be expected to occur more 
frequently than smooth conditions. 


Table 25. Empirical frequency distributions of the time rate -of -change 
of vertical wind shear between 200 and 100 mb associated 
with turbulent and non- turbulent areas. 


Areas 

^*Vh/®‘>200-100 * “ 

< 90 n -20.0 to -15.0 to -10.0 to -5.0 to 0.0- 5.1- 10.1- 15.1- j.',, n 

.15^1 .jO.i . 5.1 0.0 5.0 10.0 15.0 20.0 

Turbulent 

Kon-turbulent 

1(1) 0(0) 3(3) 5(5) 31(33) 26(28) 13(14) 8(9) 5(5) 2(2) 

0(01 1(1) 0(0) 4(5) 33(42). 27(35) 10(13) 2(3) 0(0) 1(1) 


1. Lapse rate of temperature . Frequency distributions for the time 
rate-of-change of the lapse rate of temperature between 200 and 100 mb 
are shown in Table 26. Forty-nine percent of the non-turbulent cases 
were associated with negative values between 0 and -2 x 10"^ °C m“l s“^ 
as compared with 29 percent of the turbulent cases. The trend is 
reversed for large positive values 2.0 x 10“^ °C m"l s”^) where 15 
percent and 6 percent, respectively, are associated with turbulent and 
non-turbulent conditions. Thus, the occurrence of turbulence is associated 
with conditions leading to a more stable lapse rate of temperature, and 
less turbulence to conditions leading to a larger lapse rate of tempera- 
ture, The lapse rate was defined previously as dT/dz which differs in 
sign from the usual definition. The time rate-of-change of the lapse 
rate of temperature is related to the occurrence of turbulence and should 
be a useful parameter for the determination of areas where turbulence 
would be expected. 

Table 26. Empirical frequency distributions of the time rate-of-change 
of the lapse rate of temperature between 200 and 100 mb 
associated with turbulent and non-turbulent areas. 


Areas 

(aY/at)joo-ioo =< i®"’ 

, , -20,0 to -10.0 to 0.0 to 10. 1 to > n 

* -10.1 - 0.0 10.0 20.0 

Turbulent 

Kon-turbulent 

7(7) 9(10) 18(19) 37(39) 9(10) 14(15) 

3(4) 13(17) 25(32) 24(31) 8(10) 5(6) 
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"*• CAT Index . Frequency distributions of the rate-of-change of the 
CAT Index are shown in Table 27. This index was computed from vertical 
wind shear and the lapse rate of temperature each computed from the 200- 
and 100-mb data. TWenty-five percent of the turbulent areas are 
associated with values <: -20 x 10“^ s“^, while 14 percent of the areas 
without turbulence are associated with these values of the CAT Index. 
Fifty-two percent of the non-turbulent areas are associated with positive 
values between zero and 4.0 x lO”^ s"^ as compared with 31 percent of 
the turbulent areas in this range. 

Table 27. Empirical frequency distributions of the time rate-of-change 
of the CAT Index associated with turbulent and non-turbulent 
areas . 





8(CAT lndex)/at 

X 10'^ »■ 

1 



Areas 

s -60.1 

-60.0 

to 

-40.1 

-40.0 

to 

-:io.i 

-20.0 

to 

- 0.0 

0.0 

to 

20.0 

20.1 

to 

40.0 

40.1 

to 

60.0 

5= 60.1 

Turbulent 

3(3) 

5(5) 

16(17) 

28(30) 

25(27) 

4(4) 

7(7) 

6(6) 

Non-turbulent 

Ul) 

J(l) 

9(12) 

23(29) 

24(31) 

16(21) 

2(3) 

2(3) 


n. Richardson number . Frequency distributions of the time rate-of- 
change of the Richardson number are shown in Table 28. The Richardson 
number was computed from vertical wind shear and lapse rate of temperature 
taken from the 200- and 100-mb levels. The distributions do not show any 
significant differences and hence local changes in the Richardson number 
on this thickness scale cannot be used to distinguish between turbulent 
and non-turbulent areas. 

Table 28. Empirical frequency distributions of the time rate-of-change 
of the Richardson number associated with turbulent and non- 
turbulent areas. 



aRi/sc X 10’^ 

Arcoa 

£ -0.6 

-0.8 to 
-0.6 

-0.5 to 
-0.3 

-0.2 to 0,0- 

-0,0 0.2 

0.3- 

0.5 

0.6- 

0.8 

a 0.8 

Turbulent 

5(5) 

4(4) 

9(10) 

35(37) 29(31) 

5(5) 

0(0) 

7(7) 

Non-turbulent 

8(10) 

1(1) 

2(3) 

27(35) 28(36) 

5(6) 

0(0) 

7(9) 
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APPENDIX C 


Computer Program for Combined Forecasting Procedure 

The computer progtam presented here provides combined results from 
each forecasting technique presented in the text. An example of the 
product (output) of the program also is given in the text. 

A block (flow) diagram is given in Fig. B-1 followed by the 
FORTRAN program. After reading the text it should not be difficult 
to follow the program logic. 
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COMPUTER PROGRAM 


PORTWAN 

000 1 
0002 

0003 

0004 

0005 

0006 
0007 
OCOB 
000<5 
00 1 0 
001 \ 

CO 1 2 
001 1 
00 14 
CO I 5 
CO 1 6 
00 1 7 
00 1 B 

0019 

0020 
002 1 
C0?2 
C023 
0024 
CC2S 
0026 
CC27 
0026 
0C?9 
00.10 
C0?1 
C032 
00 13 


00 34 

00 35 
00 36 
00 ■* 7 
003B 
CO 

0 0 4 0 
0041 


IV G LFVCL 2X 


MAIN 


DATE * 75205 14/57/30 


727 


DIMENSION Ot ATI 26) (DLCM 26 ) • B (1 3 « 1 B ) • NO < 26 ) .OCURVl IB . 10) 
DIMENSION 2(26.6 ) >U( 26, 6 ) ,UP( 26.6 ) .UOP( 26, 6) « TV«0(26*6 1 .D|FF(26) 
01 Mansion ap( ia.ie.36 ) ,7ETA( le • i s.6 ) .eta< i u . la ) .oiiiTAU la, I8) 

D I ME NS ION F ( la • IB) ,R0( 2? .22) .K5( 22) • VN< 4 ) . A T ( o ) . A7. ( 6 ) • 0 V { 6 ) 
0TMENSiaNpl(18.ie).B2(lB.ia).n3(lr3,ia) 

DIMENSION NPE ( lu ,la) . NTL< 1 B , 1 « ) , NF 1 2 3 ( 1 8 , 1 8 ) ,F45 ( 18 . 18 ) 

CPM'^ON DATA(?6)fFI(26)»FJ(26).A(l8.lB),TC(I8.ie),Tw(ia.l8).NCNT 
COMMON /GRIDIJ/ ISTART.JSTART* IF.NO. JEND 
ICAY = 13 


14 
I 5 
J4 
J5 
16 
I 7 
J6 
J7 


2 

1 2 

3 

1 3 

14 - I 

15 *■ 1 
J4 - 1 
J5 ♦ I 

INRPTS s 26 
nppt = as 


ISTAPT -5 I 

I END * 18 
J3TAPT= I 
JHNO s IB 

II = I start + I 
T2 = I END - I 

Jl = J5TART + I 
J2 = Jf NO " 1 
rTlvt.-=A,32E 04 


rn=C.0l7453 
nx-=1.5BPE 05 
CP- W/(2.*0X) 
RrAD(5,727) Q.P.S.T 
format (4A4> 


c 

c 


READ STATION 0 , LATITUDE-. AND LONGITUDE 
DO 9 I 1 , INPPTS 

SFA0(5 , 1 C C) NG( t ) .OLAT ( I ) ,OLON( I ) 

100 r:CPMAT( I 3.2F6.2 ) 

CALL Df r.P ID (OLAT ( I) .OLCM I ) ,F I ( I ) ,FJ< I ) ) 
o CONTINUn 

PL A{- ( 5,6 ) { K5( K) . K=l ,22) 

6 cpr?MAT{a2I3) 

00 747 MOAV = 1 , tCAY 


m.1, MM ******** 

CURVATURE TFPM METHOD 

* HC ** M ************* 
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pOPTRAN IV G LF-Veu 21 


MAIN 


OATH 


7S205 


14/57/30 


0^42 
C 04 i 

0044 

0045 

0046 


0047 

004a 

0049 

C050 

0051 

C052 

0053 


0054 

0055 
C0*?6 
0057 


oo«^a 

0059 


OOAO 

C061 


0062 

0063 

0064 

0065 

0066 


C0A7 

0068 

0069 

C070 


0071 
CC72 
007 3 
0C74 


00 4000 J=1 ,lfl 
on 4000 I=l ,18 
A( I . J) = 0. 

R(l.J) « 0* 

4000 CONTINUE 
C 

C npAO HEIGHT - WIND VALUES 

00 110 1=1* INRPTS 
R6A0 15*707) C*0*E*H«G 
707 FORMAT (5A4) 

PEAO <S*717) (2<1*J)* Js| *6) *CU( 1 • J) » J = l*6> 

717 FORMAT (6F7*1 ,6F6«l) 

110 CQNTINUF 

CO 190 I = t . INFPTS 
C 

C CALCULATES WIND SHEAR 

on 2C0 J=l .5 

IF(U( I * J ) -EQ.O.O ) GO TO 198 
IF<U( I *J+1 )-FO.O.O) CO TO 198 

200 UP(I.J) = <U< I . J»l )-Ul I, J) )/< Zt I . J>1 )-2( I * J) ) 

C 

C CALCULATES CURVATURE 

?0l J=t .4 

201 UOP(l.J4^1) = (UP< I *J«-1 )»UP( I *J > )/UZ ( I *U«^2 I •J4t> )/2«-( Z( X vJ-M ) 
* +Z( I . J) )/2* ) 

C 

C CALCULATES CURVATURH TERM 

DO 202 Jsl *4 

202 TV»0<l.J*t) = U0P(1 * J4 I )/U< t * J4l ) 

C 

C CALCULATES VERT* CRAP. OF CURVATURE TERM = NA8LA <U»*/U) 

OIPFin = Twnt t ♦5)-Tw0n *2) 

CO TC 197 
I9s niFF u ) = 0*0 
197 CONTINUE 
199 CONTINUE 
C 

C NA0LA lU’ */U) CN G^ I O 

on 175 I = 1 » INF.PT5 

175 D4TA{ I ) s OlFF( I ) 

CALL ANAL ( 1NROTS.3*0*6*I ) 

CALL SMOOTH (A*C, 0*011 
C 

C CCURV = NADLA (U**/UI 

CO 203 t = 1 . 1 8 
00 204 j = 1,18 

8< I . J) = 0( I •U}«l«OE06 
IF ( 6( I « J ) *07 *C9*0 1 e(l*J) = 99* 
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roRTRAN IV G LFveU 81 


MAIN 


DATE 


75205 


. 14/57/30 


0075 

C076 

0077 


C07fl 

0070 

OOAO 

OOfll 

C0<i2 

0003 

00 5A 

0045 

0046 

C047 
008 4 
CO«i> 
OCOO 

0001 
C007 
0C43 
CC OA 
0C95 
0005 
0 04 7 
C 004 
0040 
0100 
0101 
0102 

0103 

0104 

0105 

0106 
0107 
C I Cfl 

0109 

0110 
0 111 
0 112 
0 113 


IF (B< 1 ♦ J)*LT*-99*0) 8(I*J> = ^99* 

204 DCURVM«J) = Q(I«J) 

203 CONTINUE 
C 

C CALCULATE PARAMETER FIELDS 

C 

C READ 00 GMT FOPECASTEO VALUES OF THE VARIABLES FOR EACH INPUT STATION 

no 10 1=1 .NRPT 

REA0(5 . I 1021 < poll tK) •K=l ,8) 

I 102 FORMAT (F 7,0 .86* l.7X.F7*0,F6,l,7X,F7,0*F6*l.FA,0*F3*0) 

C CALCULATE THE 00 GMT 1CO-M0 WIND COMPONENTS FOR EACH INPUT STATION 

CALL UVCMP( RO ( I «7)«PO( I .ei •RO( 1,9 ).RD( I . 1 0 ) ) 

10 CONTINUE 

OO I 1 1 = 1 ,NKPT 

C FEAO 12 GMT VALUES OF THF VARIABLES FOR EACH INPUT STATION 

RFA0(5,l 102) ( RO (I ,K) ,Kat 1 •ia> 

C CALCULATt THE 12 GMT lOO-MO WiNO COMPONENTS FOR EACH INPUT STATION 

CALI. U VCMPI RO ( 1 . 17> .«0< I » 18) *RDI I . 19 1 .RO( t .20 ) 1 

11 CCNTINUF 

C CALCULATE HEIGHT FIELDS 

nu 4002 Jsi .10 
00 4002 r=i . la 
A< I . JlsO. 

a< I . j) =0* 

AOO? CONTINUE 

00 39 K= 1.13.2 
IF(K*fcO,7) GO TO 39 
00 IS (si .NRPT 
1 3 C ATA ( I )=RO< 1 ,K) 

CALL ANAL(NRPT.4,0,4,i I 

CALL SMf)0'TH<A .8,0*2) 

on 40 (al6. 17 

on ‘♦o JSJ6.J7 

40( I . J .K5( K 1 ) a BU . J ) 

40 CONTINUE 
19 C'^NTINUE 

C CALCULATE TEMPERATURE FIELDS 

m 400 1 J«l . 1 8 
00 400 I I = I , IB 
A ( I , J 1 =0* 

«< I , J) =0. 

4001 continue 

no 3« KS2.14.2 
IFlK.eO* B) GO TC 38 
00 16 1=1 .NRPT 

1 6 CATA{ I )=FD< I ,K) 

CALL ANAL (NRPT. 4*0 ,4,1) 

CALL SMOOTH(A.0,O*2» 
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PQRT«AN 

01 14 
0115 
0 116 
0117 
01 18 

01 19 
0120 
0121 
0I?2 

0123 

0124 

01 25 

0126 
0127 
0 128 
0129 
0 I 30 
0131 
D 132 

0 13 3 

01 34 
0 I 35 
0 1 36 
C t 37 
Cl 39 

0 t 39 

0140 
014 1 


0 14 2 
0 14 3 
'•‘144 
0 145 
0 I 46 
0 147 
0 148 
C I 49 


0 I 50 
C151 
0 1 52 


IV G LfrVFu 21 main OATt * 75205 14/57/30 

00 41 1^16.17 

on 41 J?J6,J7 

AP( I » J ,Kf (K) 1 s e( I . J » 

41 CONTINUE 
38 CCNTINUE 

C CAI.CULATF THE VALUE OF THF CORIOLIS PARAMETER FOR EACH QRIO POINT 

Un 70 lal4,l5 

00 70 JSJ4.J5 

01 a I 
EJ a J 

CALL GRIDFGini , 8 J • FLA T . FLON . F . 1 • J > 

70 CONTINUE 

C CALCULATE GEOSTRQPHIC WIND FIELDS AT 300 AND 200 MB 

CALL GEnCMP(AP.F) 

C CALCULATE 100 MB WIND FIELDS 

M = l 

DO 42 KK=8* 13 
K=KK 

IF (KK.GE* I 1 » KaKK+ 7 
Mt:KK4-9 

DO 17 1*1 .NRPT 
17 OATA( I )aPO( I .K) 

CALL ANALINRPT •A.O^A, I ) 

CALL S**’COTHt A,0,0*2) 

on 44 1=16.17 

DO 44 J=J6»J7 
44 AP< I . J ,K5< M) ) a B< 1 . J ) 

42 CONTINUE 

C calculate the VQPTICITY Fort EACH GRID POINT 

call VOPT ( AP.ZF-TA.ETA ,PZf. TAl ,F 1 

C CALCULATF THE VAIUES OF THE REMAINING VARIABLES FOR EACH GRID POINT 

00 23 1=14.15 
00 23 J=JA,J5 

C CALCULATES HORIZCNTAL WIND SHEAR AT 100 MB AT 00 Z AND AT 300 AND 

C 100 ‘‘•3 AT 12 Z AND STORES THEM IN VN ARRAY 

on 1 M = 1 *4 
MM=2*w*20 

NNtr4*M + ft 

I^(M,L0.3) GO TO 1 

nYX=AD{ I ♦ 1 , J. MM) - AP(I-l,J,MM) 

CYY = AP ( I , J~ I , MM ) - AP ( I * Jf 1 « MM) 

I VN(M) - CP* ( AP ( I . J , MM ) *OYX - AP( I « J. MH- 1 ) «DYY )/APf I f J«NN) 

OVNl a(VH<l) - VN(4))/DT!ME 

C CALCULATES AOVfCTlON OF TEMPERATURE AND RELATIVE VORTICITV FOR ALL 

C LEVtLS ANT BOTH TIME PEPIOns AND STORES THEM IN AT AND AZ ARRAYS 

DO 2 M = I .6 
MMs2*M4-2 4 
F|MM=4*{M->1 ) 4-2 
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PORTPAN IV G LRVF:i. ?.\ 


MAIN 


DATE 


75205 


14 / 57/30 


0153 
0 1 5 A 
0155 
0 1 56 
0157 
0155 

0159 

0160 
Ot Ol 
0 I 


0163 

01 6A 

0105 
01 f' 6 
0167 
0 1 6 « 


0 I Ag 
0170 
C 171 
0172 
r t 7 1 
0174 

01 75 
0 1 76 

0 177 

01 70 
Ot 70 

01 ao 

01 ft 1 

0 I »2 

oim 

0104 

01 B 5 

01 «6 
0157 

oiao 
0 1 09 


01 60 
01 ol 
0192 
Cl 93 
0194 


TX=AP( 1*^1 . J.MMVJ - AP( t>>l •J.MMM) 

•TY = AP( I • J-1 - AP ( t « 1 .MMM) 

Ar ( M ) = CP* < “API r . J .MM- I )*TX “ APt I , J , MM 1 *TY ) 

2TTAX :/ ZFTAt I U . J.M) - 2E T A ( I “1 . J , M ) 

ZF-'AY * ZETA< t . J“1 ,M) “ ZETA< I • J-fl ,M I 
2 AZ(W) a CP* (“AP< I , J.MM-l MZETAX - AP ( I . J , M ) • Zf T A Y ) 

CAT2 s <AT(2)“AT(5))/DTlMe 
0AT3 « < AT< 1 )-AT(4 n/OTlME 
OAZl = ( AZ(3|-AZ<6))/OTlMF 

rA.?3 s ( AZ< I )-A2(4))/0TlMe 

C calculates OETAtV AT 200 M8 AT OC i AND ALL LEVELS AT 12 2 AND 

c snnts THEM IN ev array 

00 3 M*2«6 
MNs2«M*24 

IF(M, 00*31 GO TO 3 

eV(Ml s < 1 «78E“l 1 }*AP(I • J»MM) 

1 CCNTINUe 

rOV2 * ( SV( 2 ) -QV(5 ) 1/OTIME 

c CALCULATES TEMrappATUMC LAPSfc RATE. VERTICAL ShCAR, RICHAROSCN NUMBER 

C A?0 CAT iNOrx COM 200-100 MO LAVER FOR DOTH PERIODS 

DH12I = APII.J.S) - APfI»J«9> 

9H12 c AU<l,J,l7) “ APU.J.21) 

VXVYl •= ( AP( f ♦ J ,29 1-AP( I , J.27 > )**2 ♦ ( AP I I , J . 30 ) -AP (I, J , 28 1 I * *2 

VXVY c ( AP( I , J.35) -AO( I , j,33>) ♦ *a + ( AP ( i , J , 36 ) - AP I I . J , 34 ) 1 • *2 

OTOZ 1 - (AP(!,j,f)-AO<I,j,i0M/nHl21 

DTOZ - ( AP( 1 , J, 1 P l-AP< I , J.22 > 1/0HI2 

C'^TCZ = (CTCZ 1 -OTOZI/DTI ME 

CVOZI = (AP<l,J.a)-AP(I,J,l2) ) /OH 121 

DvnZ = ( API I , J.20 l-AO( I . J. 24) )/0Hl2 

Rnvr? c iovozi-f>vCZ)/PTiME 

R1 s 2C*3 * C ( API ( . J, 10) *AP< I, J * 6))/2«0 * 273*0) 

R? s I API I , J. 10 1“AP( I • J, 6))/Rl 

R3 s I API I , J,20)«AP< I , J.27 1 ) »*2 + < AP ( I . J , 30 )- AO I I , J , 28 ) ) ♦ *2 

oii= * 20*3 ♦ IR2 ♦ 0*00970 • RI/R3 

»1 = 20*3 * I ( AO| J , j,22) ♦API I . J . 18) )/2*0 ♦ 273*0) 

02 s I API I , J,22I“AP< I • J. ie> )/Rl 

R3 - I API I , J.35) -API I , J.33 ) 1 **2 * I AP I I • J , 36 )- AP( I • J . 34 ) » **2 

01 = 9*0 • 20.3 ♦ (P2 ♦ 0.00976) * PI/R3 

CIl c VXVYl *( l.0-2*0*RIl ) 

Cl - VXVY* I 1 * 0-2.0*Pr I 
nci = I C I l-c I )/CT IMF 

C CALCULATFS TIME CHANGES OF TEMPERATJPE FOR 100 AND 300 M5 LFVELS. 

C SCALAR KIND AT 2C0 AND 5C0 MO LEVELS. AND HE I CUT OF 200 MF) LEVEL 

DTI = I API r , J , I 0 1-API I . J ,22) ) /OT IME 
OTl = I Ap( J , J ,2 )-AP( I , J, 14 ) ) /DT I ME 
nv2 = I API I , J ,«)-API I . J.20 ) > /DTI ME 
0V3 s I Af’I 1 , J ,4 1 -API! , J, 16) )/DT IME 
OH2 = I API I , J ,5) -API I . J, 17 ) ) /OT I ME 
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KonTPAN 


01<)5 
01 «56 
0197 
01 QO 
0 1 90 
0?00 
0201 


0202 

02C 3 
07 0A 

0205 
0 206 

02 C 7 

o:»o« 

r “ 0 9 
-^Pl 0 

c 2 i t 

2 I 2 

c 2 n 

0 '•? 1 4 

C2{ 5 
0 2 I ft 

n? 1 7 
') 7 I »3 

02 1 9 
0 2 2 0 
C221 

0 222 


IV G LHVPL 21 - MAIN OATC s 75205 14/57/30 

C CALCULATES THL VALi^FS QP THE DISCRIMINANT FUNCTIONS 

M -0 
N2=0 
N3=0 
N4^0 

N6 = 0 


NTLI I . J) = 0 



C calculate the niSCRlMlNANT FUNCTION VALUES FOR EACH GRID POINT 

C 40.000-47.000 FT SUO-LAYER 


FI = 1.430 - 2. 077E-02*AF< I , J , 36 ) ♦ 2* 305E-0? ♦ AP { I . J . 22 ) *■ 1*835E 

a'l l*0AZ3 

IF(F UGT.O. ) N1 =N1 + 1 

F2 = 6.I91 - 5.a9fcE-04#AP( I . J, 17) U 942E-0 4 ♦ AP ( I . J , 20 ) ♦ * 2 - 1*55 

a)lL-02*AP( I , J, 3ft) 

ir(F2,GT,0#) M = Nlfl 

s -0,108 + 3, 710E-03*AP( I , J ,33 ) - 9. 84 7E- 0 3« APU , J , 34 ) - 6.706E 
♦ Oft*OAT2 

IF(F3,GT.0.) MaNU-l 

F4 - 6,969 - 5,959F-04«AP( I , J,17) ♦ 8. 573E-0 2 *AP < I , J , 3 5 ) - l*S33E 
aC8*HV(4) 

ir(r4,r.r,c. ) MsNi*! 

F5 = H«6Sft - 9« 394E-0A *AP< I . J, 1 3 ) 4 - 8* 746R-0 3 « AP ( I « J • 3S ) ♦ t»tS2E 
vi4*nOTD2.»*2 

IF(F5,GT,0, ) NlsM + l 
C 45,000-52*000 FT SUrt-LAYER 

FI s U6S6 - 3,662E-0A*AP( I , J, I 3 ) «• 2* 9026-02 * AP ( I i J • 24 ) 4^1,3066 

fi‘'4*P TA < I , J ) 

IF<r l.GT.O, ) N2»K2*l 

F2 = 7,307 - 6,4l3r-044AP( I , J,17) 1 • 4986 -02 *AP ( I • J • 20 ) - 2*9416- 

£03«A«( I , J , 34 ) 

IF<r2,GT,0,) N?sA2*I 

F3 * 8,725 - 7, I 63£-04*AP( I . J * 1 7) ♦ 2,2816 I 8 *8 V { ft ) f *2 - 3*5586-03 
£»Rf 

ir{F3,GT,0,> N2SN24-1 

F4 r 1,840 ♦ l.230F-.02»AP< I , J,20 ) + 3, 4 45E -0 2 * AP I 1 , J , 2 2 ) f^4,439E 

D1 2*OA2 I 

IF(F4,GT,0, ) N2*K2*l 

FS = 2,242 + 3.373t-02*AP( I.J.22) - 2,671fc-0J»RI 2#296E 13*DQV2 

IF(F8,r.T,0. ) M2sN2fl 
C =0.000-57, COO FT SUO-l.AYER 

FI s -0,548 4 2. 379f -02*AP( r ,3,16) - ^ rndZee-^-Q 3* t * J , IB) - 6,7316 

a oi^nvcz 
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f=‘OWTRAN IV G L^VEL 21 


MAIN 


OATH a 7^205 


14/57/30 


0223 

0224 

022 5 
f^226 

0227 

02?fl 

0 220 
02 30 

0231 

0 2 J2 

0 213 
0234 

02 35 
0 2 36 

0237 

023fl 

C230 
0240 
0 24 1 

0242 

0243 

0244 

0 245 
0246 

02 4 7 
0 P48 

0249 

0250 

0251 


0254 

0255 

0256 


TF(F1*GT»0. » N3 = K34-l 

F2 = -0,318 ♦ 1«395E-02*AP( I • J.16 ) “ 1*547E Oa^OZCTAUUJ) 4 fi*229 
S'E OS^OOVOZ 
IF(f2*GT#0«) N3=N34l 

F3 = -1.461 4 9,413c-05*AP( 1 . J. 1 7) 4 I . 4 70F-02 4AP( I , J . 20 ) - 3.385E 
ffl-02*4P( I * J.34) 

IF{F3*GT.0« » N3=N34l 

F4 = 1.110 4 2* 6C5E-024AP( t • J.24 } 4 2 * 232 3E-0 24 AP{ I * J , 2 2 ) 4 6. 7566 
a 02*2ETA< I . J.5) 

I‘^(F4.GT.O.) N3 = N34l 

F5 - 1.395 4 2.458£-02»APC I . J.24 > f 2 . 7 4 OE-02 *AP ( I , J . 2 2 ) 4 6.029E 
*24*OA21»*2 
IF(F5.GT.0.) n3=N3*1 
C 55.000-62.000 FT SUB-LAYF.P 

FI = -0.294 4 2. 1 73f-02*APU . J.24 > ♦ 4.041E 03*VNi4) 4 1.198F 02 * 

aZFTA( I . J.6) 
lF(ai,GT.O.) N4£K44l 

F2 a -0.227 4 t.S4 9l'-02«AP( 1 • J.24 ) 4 4.870E 02*AT<4) 4 3.628E 01*0 

ainz 

tF(F2*GT.O.) NAsKA+l 

F3 a -0.252 4 2.053t>02*AP( 1 ♦ J.24 > 4 4.217c 01»DTDZ 4 4.660E 06*ZE 
aTA( 1 . J ,51 **2 
I®’(F3.GT.O. 1 N4 = K4*1 

F4 = -0.316 4 3.575E-02*AP( I . J.24 1 - I . 563E-0 2 7 A P< I . J . 35 1 4 1.073E 

« C2* ZP TA( 1 . J.5) 
tF(F4,OiT.O. ) M4SN441 

F5 = -6.297 4 2.721E 03*0T1 -3.198*DCl - 2.829F 03*AT(6) 
IF<F5,GT.0.I N4*S44l 
C 60.0CC-67.000 FT SUB-LAYEP 

Cl s -0,578 4 3.855fc-02*AP( I ♦ J.2A 1 4 4.598E 03*VN<4> 4 9.611E 02*Z 
i>FT4( I . J.5) 

IF ( 1 .CT ,C. 1 N5 = N5M 

F2 a -0.565 4 3. 91 f>F.-02*APC t . J.24 ) - 4. 348E-0 3*AP( 1 1 J • 36 1 4 1.27IE 

1 0 «« Z« T A ( I , J .5) 

IF (F2.0.T . 0. ) N5aN* 4t 

n = 4.643 - S.Cd 7F-04*AP( I. J.l 3 1 4 5. 170E 03*DTJ 4 5.U2E Ol*r>TCZ 
I r<Fl. f.T .0. 1 K5*K5* I 

C4 S 6.171 - 5.20efc-04*AP( I.J. 17) - 5.G92*DCl 4 2.4931: 02*AT<61 

IF<pa,C.T , 0. ) N5.-N5 4 1 

F5 a 3.204 - I . I 30E-02*APC I . J.24 1 - 5.609E 01 *0902 
T «■ ( F 5 , r, r • 0 . ) NS a K5 ♦ 1 

C COUNT THt NUMflFR TUPBULCNT LAYEPS ABOVE EACH GP I O PCINT 


IF(n1 

• Ct. . 4 ) 

NTL t I . J) 

r 

MTLI I . J) 

4 


IF(^. J 

« Ct. • 4 ) 

MTL( 1 , J) 

s 

hTL < I . J ) 

4 


1 F ( .M 

• OF , 4 ) 

NTL( I , J) 

a 

ntl ( I , J) 

4 


IF(NA 

« O.L • 4 ) 

NTL< I . J ) 

s 

NTL ( I . J ) 

4 


IFJNf, 

• or • A } 

NTL < 1 , J 1 

s 

NTL( 1 . J) 

4 



C 5T0«F THE NUMOFtt l;F PC5ITIVE FUNCTIONAL VALUFS IN EACH LAYER AT EACH POINT 
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Pn«rRAN IV G LPVETL 21 


MA IN 


DATE 


75^05 


14/57/30 


n?*57 

0260 


0250 

oreo 

0261 

0262 

0263 

0264 

0265 
0 2 66 
0267 
026B 
0260 
0270 
C 271 

0272 

0273 

0274 

0275 

0276 

0277 
C276 
0279 
0*3 aiO 
02>3! 
02«2 
C ?P3 
0284 
02B5 
C2P6 
02P7 
rt -5 n rt 
0 2 B9 
C ? C. 0 
C2‘31 


N‘^123(I.J) a Nl ♦ 100 + N2 * 10 ♦ N3 
F45( I . J) = N4 ♦ K5/10. 


CRITICAL VALliE MFTh«00 SC0GGIN5 




c COUNT TMF NUMOHR CF PAFAMETCRS WHICH HAVE CRITICAL VALUES 

fF( AP( f , J . 31 ) .GE* 20* » N6=N6+1 
IF( AD( I , J , I 6) ,06 *30. ) N6^N6frl 
Tr(/fTA<I,J.Aj .LT.-S.OP-OSI N6*N6H 
1F( A T( 4 ) « LT. 1 *0F-04) N6aN64-l 
ir< A7< ft J .LT.-3.0f:*09) N6aN6+l 
IF( VN( 2 ) .Gr •4.5E-0M N6 = N6 + l 
ir(OT3*l.T«0* ) N6aN6>l 
IF<rv3*LT*-l«6F-04) N6aN6+l 
IF(OAT3,GT.2.0E-09) N6’=N6+ I 
IF< 4P( I , J ,33) •GE*20* J Nf =N6M 
lf?(AP( I.J.3 a)«LT.- 10*) N6 = N6+l 
ir ( AP( t . J ,20) •GE*30* ) N6sN6»l 
I P (0H2.L T.-5.0F-04J N6aN6«-l 
ir(C'V2*LT .-1 .6F-04 ) N6aN6«-l 
IP(BV<5)«LT.-1.6E~10> N6aN6 4‘l 
1 F( \P( I , J ,35 ) .GT *I2* ) N6aN6*l 
I*'(LTA( ! , J) ♦GT. I •2E-04 > N6-N6*1 
I c ( VN< 4 ) , C.T* 1 , f.F-05 ) N6aN6*l 
ir(CVMl,LT#-2,0E-10) N6sN64| 

IP<C‘7ETA1 < I , J ) •ce*3«0e«10) N6*N6>1 
I^<f- I ,l.r,30, J N6sN6«-l 
1 f < 0V071 .GE •5.0L-03) Nb=N6'fl 
ir(0OV0/,GT* 1 .OL-07) N6sN64l 
I C0T02 ,GF •2#0f -06) N6»N6«-I 
I P(£)CI *GT,4*0F-02) N6*N6^t 
Nf5F< I . J) - N6 
23 CONTtNUF 

CALL Output (ocurv,ntl ♦npe#nf123, f as, ioAy»o*R*D,E,H»G) 

7e7 continue 

V,cf TF (6,69) 

60 F JRV*AT( mm 
SF TURN 
END 
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SMOOTH 


PATE 


75205 


14/57/30 


000 1 
00C2 
0003 


0004 

Jt 

= 

JSTART 4 t 

0005 

J2 

a: 

JENO - 1 

0006 

11 

= 

ISTaRT 4 1 

0007 

!2 

sr 

I END - 1 

000ft 

C2 

= 

C*< 1 .-0/2 

oooo 

C3 

X 

C4C/4 • 

0010 

C4 

a 

1. - 4.4C2 

00 1 1 

C4 

= 

1. - 4**C2 

001 2 

00 

1 

J=J 1 , J2 

00 1 3 

00 

1 

1 = 11,12 

0014 

6( 1 

• 

j) = C4*A(I 


OOlS 

00 I ft 

001 7 

00 1 ft 
0010 
0020 
0021 
0:?2 
0C2 1 

002A 

0025 

0026 

00 2 7 
002ft 
0020 
OOftO 
ro3i 
OOft? 


SLFiROUTINE SMaOTH(A,B.CI 
DIMENSION AU8,l81.e( la. 1ft) 

COMMON /CFIOIJ/ ISTART, JSTART • lENOtJEND 
SMOOTH INTERIOR POINTS 


4«*C3 

4*4>C3 


* +C3*<A<l-l*J-l)^A(I-l,JfrlM-A<l»l*Jfl)+A(l + l»J-n) 
CONT I NUE 

SMOOTH ROPOEP PCIKTS 
Cl s (1.0 - 0/2.0 
k = JSTAPT 
L = JENO 
M * ISTART 
N - ILND 
00 2 l>t 1,12 

3(*i.k) - A(I,K)*C ♦ 0-HA<l-l,SO 
HII.L ) = A(I,L )*C ♦ CI*<A(I-1.L 
DO 3 J=J I , J2 

B(M,J) s A(M,J)AC ♦ Cl*(AfM,J«l) ♦ A(M,J+l)) 
aiN ,J) » A(N ,JI*C *■ Cl *<A(N ,J*l) ♦ A(N ,J + 1)) 

SMOOTH CCRNFftS 


» A ( : ♦ 1 • K } ) 

) ♦ Ai I ♦! ,L 


) ) 


8(^.0 

e(M,D 

a(N.L) 

RETURN 

€NO 


a(m,k) *C 
A( N,K »«C ♦ 
A(M,L)»C ♦ 
A(N,L >*C 4 


► Cl*(A(M.tC4l ) 
Cl*<A(N-l,K) ■ 
Cl*( A(M,L-1 ) ' 
Cl*<A(N-l,L) 


♦ A { M 4 I , k ) ) 

A(N,<4l ) ) 

A (MU »L) ) 
ACN,L-l ) ) 


FORTRAN IV G LEVFL 


21 


DATE s 75205 


OC 0 I 
0002 
0003 
CG04 

0005 

0006 
0007 
000ft 
0000 
00 I 0 

00 I I 

001 3 

00 1 3 
0014 

001 5 
00 1 6 
001 7 
001 ft 


SUUROUTINE 

DIMENSION 

10=1041 

JCSJH4 I 

IS=IF.-1 

JS=JE-1 

on 20 I=ID 

A< I . JO ) = 

20 A< I , JE ) = 
on 30 J-=JD 
A( IB, J ) = 
30 A( It , J» ~ 
A(U3,Jft) = 
ACI3,Jt) = 
A( IE « JB) s 
A( It . Jf. ) = 

RE TURN 
END 


eXTRAP<A,lB,J0, IE, JE) 
A< 18,18) 


JD41 ) )/2.0 
A< I , JE-2 ) )/2.0 


IS 

< 3.0*A ( I , JO )'A( 1 
(3.0 ♦ A(I, JS) - 
, JS 

I3.0*A(lD,J)-A(I04l,J)>/2.0 
(3.0 * A(1S,J) - A( IE-2 • J) >/2.0 
O.5*(A(IB,JO>4A(IO,J0)) 

0.5*( A( lO, JE)4A( IB, JS) ) 
0.5*(A<IS,JB)4A(IE,JD)) 
0.5*(A(IS,JE)4A(IE,JS)> 
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UVCMP 


DATE s 75205 14/57/30 


0001 


C002 

0003 

0004 
C005 
OC06 
0007 
OOOtfl 
OOOR 
001 0 
001 1 
0012 
COl 3 
001 4 
COl 5 
001 A 
Odl 7 

001 a 
0 013 
0020 
0021 
0022 
C023 
C 0?4 


SuauOUT I NF UVCMPtOIft t SPO* VX. VY ) 

C CALCULATES U AND V CCKPCNL'KTS OF THE WIND AT EACH STATION FOR ALU 

C LFVr-LS AND DOTH T 1 M£ PERIODS AND STDRfcS THEM INTO PO ARRAYS# 

OIVFNSION R0(2S*20) 

M=l 

ir(OlR*LT# 180*#AN0*0IR.C£#O0# > M = 2 
IF (DIR,i.T.2 70« .ANO*OIR#GE#180# > M=:3 
IF(niR«GF*270. > V=A 
QO TO (1 .2*3»4}»M 

1 OIR-DIR*( 3# 14/1 00* ) 

VX=-SPn*SlN(OIR) 

VY=-SPO*CCS<D IP) 

RETURN 

2 0IR=C0 IR-OO* 1*<3# l4/ia0# ) 

VX=-SPD*C0S<0£R> 

VYsSP0*SlN(01ft) 

RETURN 

3 D IR=<0!R- 180# ) ♦< 1. 14/Ifl0# I 
VX=SPO*S I N( DIR) 

VY-SPO*CCS<OIP1 • 

RETURN 

4 0 IR3<0 IP>270* I *( 3#14/180« ) ^ 

VX*SPO*COS(OIR| 

VYs-r>PO*SIN<OIR) 

RETURN 

GNO 
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INTRP 


0001 

0002 

0003 

0004 

0005 
COCA 
0C07 
CCC8 
0000 
001 0 
00 11 
00 1 2 
001 3 
C 0 1 4 

0015 


SUOROUT INF INTRPI A*Ft •FJ#0INT> 
DIMENSION AUe*IB) 

I I = FI 
JJ a FJ 

ClsFI - FLOATUI ) 

OJaFJ - FLOATIJJI 

21 =A< I I , JJ) 

22=sA ( I I *1 . JJ ) 

23=A( I I , JJ+I ) 

24SA( I !♦ 1 . JJ+l ) 

25=21 ♦ 1 Z2-Z1 )*OI 
75=23 ♦ 1Z4-23)*DI 

OlNTsZS ♦ (7P-Z5)40J 
RETURN 
END 


DATE = 75205 


14/57/30 


FORTRAN IV G LEVEL 21 


OEGRID 


0001 

SUDROUT 

C002 

CNST = 

0003 

FAC2 = 

0004 

FACl - 

000 5 

ALAT s 

0006 

R = FAC 

0007 

ALON = 

0008 

FI = 1#' 

0000 

F J = 1*1 

001 0 

RETURN 

001 1 

END 


<125# - DL0N)*0.715/S7*29578 
0 ♦ R*SIMALON) 

0 +• R4C0S(AL0NI - FAC2 


14/57/30 
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FORTRAN 

0001 


oop^ 

0003 

OOOA 

000*5 
0006 
000 7 

coca 

0009 

00 I 0 
0011 

001 2 
ori 3 

00 1 4 

0015 

0016 
C0\ 7 

001 n 

OCIR 


COJIO 

0021 

0022 

0023 

0C2A 

0025 

0026 
CO? 7 
0020 
0020 
0030 
00 31 
0 0 3 2 
0033 
0C3A 
0035 
00^6 
C O 37 

003a 

00*9 
C040 
C04 I 
0042 
004 3 

0044 

0045 

0046 
004 7 
00<>8 

0049 

0050 
C051 


IV G LEVFL 21 ANAL DATE * 75205 14/57/30 

SUaPQUT I NE ANAL ( NRPTS* SR AO • NOSCAN , IGO ) 

C THIS ROUTINE ANALYZES THE REPORTED DATA AND PUTS TuE ADJUSTED 

C VALUES AT GRID PCINTS* 

DIMENSION A<t6*ia),TC(i8»l8>«TW(lE,iai*0ATA(26)* 

* ri( 26).FJ<261 

CCMMCN PATA.FI ,FJ*A.TC*TW*NCNT 
COMMON /GRIDIJ/ I STAR T * J ST ART . lEND . J END 
C 

DO 100 NSCAN-1 *NCSCAN 
DO 15 Js! JSTAflT*JENO 
on 15 1=: ISTART » lENO 
TC( I • J) = O 4 O 
15 TW( I ,J)=0*0 
NCNT - 0 
DO 30 K=l ♦NRPTS 
M^t 

IF(DAT A< < ).EO*0« > M=2 
IF(M.t.Q.2) GO TO 30 
1 l=F I ( K J 
JJ=FJ(K) 

RMAX s SRAO 
RNSQ = RMAX**2 
NCNT s NCNT ♦ 1 

C TMP PQLLCwlNG SEOUENC- PERFORMS DCUBLE LINEAR INTERPOLATION 

C ON TMC 0010 POINT VALUES* 

60 TO < ?l .32 J «M 

31 CALL INTRPI A ,F I ( K) .F J<K) .D INO 
ERRORsCATAI K 1 -OIMT 

32 CONTINUF 

1 laFI(K) - RMAX*0*5 
I2-FI(K» ♦ RMAX*0.5 
J1 -F J< K) - RMAX^0#5 
J?sFj(<) ♦ RMAXfrO*5 
IMIN a MAXO ( ISTART. I I ) 

I VAX a MI S0< ICND. 12) 
jvfN a MA XO< JSTAPT • Jt ) 

JVAX a MIN0IJENC.J2) 

00 25 JaJMlN.JMAX 
on 20 I - 1 MIN, 1 MA X 

RSOa <FL0AT( I )-F 1<K ))A42 ♦ (FL()aT(J) - FJIKn«*2 
IF (RSQ.GC .RMSC) GO TO 20 
WGT a e XP< -4* *RSC/RMSO) 

TW{ I , J) aTW( I . J) ♦ WGT 
GO TO < 34 ,35) ,M 

3 ** TC( I . J )s=TC( I * J ) ♦ WGT*ERROR 
35 continue 
20 CONTINUE 
26 CONTINUE 
30 CONTINUE 

00 50 Ja JSTART . JEND 

00 50 I=ISTA«T,IENO 

IF<TW( I , J ).LE*0*0 ) GO TO 50 

A( I , J) aA< I , J) ♦ TCI I . J)/TW( I , J) 

50 CONTINUF 
too CONTINUE 
RETURN 
ENO 
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GEOCMP 


DATE 


75205 


14/57/30 


000 I 
0002 
0003 
COCA 

0005 

0006 
C007 

oco« 

P009 
00 10 

001 I 
COl 2 
COl 3 

00 1 4 
CC I 5 
00 16 

001 7 
0016 
C 01 Q 
0 0 ? 0 
0021 
0022 
C 0 2 3 
00?4 

f 

oo;o 

0027 

0028 
OOi'9 
CO TO 

3 ! 
003? 
0033 
00 34 
0035 
00 36 
0037 


SUclROUrlNE GECCMPIAP*F> 

Ot MENS ION AP( lUt ia«36) •F( ld«ldl 

Ot ML NS ION 01(lB.i6).B2(lB«td}*B3(ld*t8)»B|t8«18l 
lA = 2 

15 t: 12 

J4 =! 3 

J5 =s 13 

16 = 14 ~ I 

1 7 » 1 5 ♦ I 
JA = J4 - I 
J7 a J5 ♦ I 

Cl = -9«806t6/(2«0*l*586E 05) 

K I = 23 

00 I KK=1 « 1 7.4 
kl=Kl4-2 

IF(KK.fcO«9) GO TO 1 
K3 - KK*3 
K2 a Kl ♦ 1 
cn 2 r si4 , IS 
DO 2 J = J4 , J5 
C a Cl/F< I « J) 

Hld.JJ s -C*( AP( 1 . J*1 .KK)-APC I. J-1 *KK) ) 

^ -C» ( AP< 1 ♦! , J,KK)-AP( I-l . J ,KK ) ) 
6T(I.3) aSOHMBU I • J)*«2 4- Q2<t.J)*42) 

0 ccntinm* 

CAU. •-•XTPAPIOl , 16. J6* 17, J7 ) 

CALL fc.XTRAP(B2.l6*J6. 17, J7) 

CALL fc tTRAO< :)3» I 6. J6, 17, J7) 

DO 3 1-16,17 
00 3 JS.I6,J7 
AP( 1 * J«<1 ) s 01(1,3) 

AP( I . J ,K2 ) •= 82( I , J) 

Apt 1 ,J ,<3 > * B3C I . J) 

3 continue 

1 CONTINUC 
PPTUPN 
ENT) 


FORTRAN IV G LEVEL 21 


GRIOeO 


DATE = 7S20S 


0001 
0002 
OOO 3 

0004 

0005 

0006 
0007 
00C6 
0009 
00 10 

00 I I 
00 12 
G013 
0014 

001 5 
0016 
COl 7 


SU6R0UT INF G» I CFG (FI , F J , OL A T ,OLON ,F, I , J) 
CIHENS ION F< IP, 1 6) 

C’^HGA a 7.292 f-OS 
FACl a •2602625F02 
FAC2 a .JAaOBlPHOa 
CNST a ,2679492 
X a FI - 1,0 

V a FJ ♦ FAC2 - 1*0 
P a SQRT(X»*2 + Y**2) 

OL AT a 2.0*ATAN< CNST*( (R/FACl ) *4 1 «39o6 ) 1 
DLAT a 90, - CLAT*57,29576 
SINFAC a SlN(0tAT/57,29578) 

DLON a ATAN(X/Y) 

DLON a 125, - DLCN457, 29576/0,71 5 
F(I.J) a 2,0 * CMEGA 4 SINFAC 
PFTUMN 
END 
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VORT 


DATE 


75205 


14/57/30 


0001 


0002 

0003 

0004 

0005 

0006 
COO 7 

ocort 

C009 
0010 
001 I 
001 2 

0 013 
0014 

001 s 

00 1 b 

001 7 

ooia 

0019 

0020 
0021 
r o? a 
C023 
C024 
0025 
C026 
0027 

C02a 
0 0 29 
C030 
0031 
003? 
003 3 


FORTRAN 

0001 

0002 

COO.J . 

0004 

0005 

0006 
0007 
0005 

0009 
00 1 0 
CO 1 i 
COl 2 
00 I 3 

00 1 4 
f 015 
0016 


001 7 
C018 
C019 

0020 

002 1 
0 )22 
C023 
0024 


C025 

0026 


SUOROUT I NE VORTl AP » 2ET A • FT A , OZFT A 1 *F 1 
C CALCULATES PELATIVfc VORTtClTV FOR EACH GRID PCINT FOR EACH LEVEL 

C FOf> BOTH TIME PERIODS AND AOSOLUTE VORTICITY FOR 1 OO-MO LEVEL AND 


12 Z 

TIME 

PERIOD AND STOPfcS TMFM IN ZETA AND 

ETA 

ARRAYS 

DIMENSION 

AP( Irt, ie.3<>) .ZETAC 18. 1 0.6) .ETA( 18. 

18) • 

DZETAl (18.18) 

dimension 

ni ( 18*18) .F( 18,18 ) 



14 a 

2 




15 = 

12 




J4 = 

3 




J5 * 

13 




16 = 

14 - 

1 



17 = 

15 * 

1 



J6 = 

J4 - 

1 



J7 = 

J5 4 

1 



OXsl 

• 588F 

05 



CO s 

t*/( 2«*>OX) 



DO 1 

Mtsl , 

6 



DO 2 

1 = 14 

.15 



00 2 

J = J4 

. J5 



MMs2*M > 

24 



OYX 

a AP( 

1 ♦ 1 , J.MM )-AP( I-l . J.M.M) 



DXY 

= AP( ! » J-1 ,MM-J ) - AP( I • J4l .MM-l ) 



01 <1 

,J) - 

CP»( OVX-OXY ) 




2 CONTINUE 

CALL xTFAP< R1 « I 6* J6. r^. /7 1 
DO 3 I=ie.I7 
DO 3 J=J6.J7 
1 ?rTA(l.J.M) = 

I CONTINUE 

CO 4 I s t A • I 5 
00 4 J= J4 * J5 

ET*<I»J) * 2ETA(I*J*6> *■ FCI*J> 
C<!£TA1 ( I ♦J)s2ETA(l»J*6)-ZeTA(l t J*3) 
4 CONTINUE 
RETURN 
SNO 


IV G LEVEL 21 OUTPUT DATE * 75205 JA/57/30 

SUtJ ^nuri NE 0UTPUT<0CURV.NTL»NPE.NF123,F45, I0AY,O*P»O*C*H,G> 

CIMENS tON OCUPVl I a, lb » *NTL< 18 • 15 ) .NPEI 18*10). NF123CI0,18)*F 45 (18.1 
S ^^ ) 

(4 s 2 
IS = 12 
J4 s 3 
J5 5T I 3 

WRlTL(fc.l) O.P.O.e.H.G 

1 FORMAT (• 1 *. T4 7, • TAMU CAG CAT FORECASTING PROCEDURE •• 2< /)• T 46 . 2A 
•4,3X,*OATE - TIME ••AAA./) 

V.R I TF ( b , 2 ) 

2 FORMA r ( * 0 • ,4 ( / > ) 

00 10 J= J4,J5 

WRITE (6.3) (OCURV( I.J)*Isl4«!5>.(NTL(K, J),NPE(K.J),K s 14,15) 

3 FORMAT ( 'O’ .T37 ,i IP6*0./.T38,1 I ( IX, I I , 1 2, IX ) ) 

10 CONTINUE 

i*RITE <6.9) 

9 format (* « .2(/) ,T60. 10( ••• ) ,/.T60,» • LEGEND * * , / . T60 , 10 ( • ♦ • ) . 2 ( / ) 
a ,Tf..o,'x#i « • •/ .Teo. • x«2 x#3* . a (/) . tab . • x*i : vert* grad* of cur 

iJVATURt TERM • , /, T48, • X#2 ; DISCRIMINANT FUNCTION ANALY S ( S • , / . T 4B • 
a »X*3 : STATISTICAL ANALYSIS METHOD*) 

WRITF<6,1) r.P,L,E,H,C 
WR1TE(6,7) 

7 format (• 0 • .T49. ’THE NfMOER OF FUNCTIONS EXCEED I NG* ,/* T49 ,• Th£ VALU 

3 E or ;cKo rcR zach layer*. a(/)) 

D<5 5 JsJA , J5 

5 WkITF( 6,6) (NFl 23 ( I , j ), I =1 4, 15) * ( F45( I , j ) , t»(4. 15) 

6 format (•C*,T 37,lJ(2X,I3)/T37.ll(2X,F3*l)) 

W9ITE(6.8) 

5 FORMAT!* • .2</> ,T60.10< •**> */*T&0 .*4 LEGEND * * • / ,T60 • 1 0( * ♦ * ) , 2 ( / ) • 
aT60.*L«l L#2 L»3* ./ ,T60, *L#4 * L«S * • 2< / ) . T54 . 

^ *L»1 : AO.OCC-47.000 FT* ./,T54,*L42 t 45 .000-52 • 000 FT*,/.T54 

a.*LY3 ; 50 .CC0-57,t00 FT* •/•T54.*L«4 ; 55,000-^2.000 F T » , / . T £ 4 , • L« 
i)S ; 60.0CC-67.000 FT*) 

Kr TURN 
END 
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